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THREE-DIMENSIONAL APPLIED POTENTIAL STUDIES AT 
AUSTINVILLE, VIRGINIA 


By H. V. McMurry anp A. D. HoAGLANp 


ABSTRACT 


Applied potential data from diamond-drill holes at Austinville, Virginia, have shown 
that the host rocks of the ore bodies are of extremely high resistivity and are strongly 
anisotropic. Triaxial anisotropy is prominent and is thought to be controlled by the 
mineralization. The delineation of ore bodies by diamond drilling after penetration by a 
discovery hole has been aided by three-dimensional applied potential surveys. Several 


field cases are described. 
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INTRODUCTION The general procedure followed was to pass 


The success of the direct-current geophysical 
method requires an adequate contrast between 
the resistivities of the host rock and the ore. 
The primary ore at Austinville, Virginia, is 
found in pencil-shaped bodies of disseminated 
sphalerite, pyrite, and galena in dolomite of 
the Shady formation of Early Cambrian age 
(Brown, 1935, p. 425; Currier, 1935, p. 74-79). 

Sphalerite, the most abundant sulfide, is not 
a good electrical conductor; however, the as- 
sociated pyrite and galena are good conductors, 
and the resistivity of the unmineralized host 
rock is from 10 to 100 times that of the ore. 
This contrast in resistivity is well suited to the 
direct-current applied potential method. 


683 


current between an electrode embedded in a 
mineralized body of low resistivity and an 
electrode so remote that its influence on the 
current flow in the area under investigation 
could be neglected. Potentials were measured in 
volts per ampere between a convenient reference 
point and closely spaced points in all pertinent 
drill holes. The data are presented on appropri- 
ate vertical sections upon which ore and re- 
lated mineralized bodies are interpreted. 
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Maximum ellipticity of equipotential contours in plane of holes 1 to 13, lesser ellipticity in the plane of 


holes 5 to 15 illustrates relationship of ore pencil to low-resistivity zone. 


useful application of applied potential studies 
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Ficure 2.—CALcuLATED CASE: EARTH ELECTRICALLY ISOTROPIC 
Geometry similar to field case shown in Figure 1. Resistivity assumed to be half a million ohm-centi- 


meters. 
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Ficure 3.—CALcuLATED CasE: EARTH ELECTRICALLY TRIAXIALLY ANISOTROPIC 


milar to field case shown in Figure 1. Resistivities are 7 million, 2 million, and half a million 
direction XX, and along 


Geometry si 
ohm-centimeters, respectively, along vertical axes, horizontal axes perpendicular to 


axes parallel to XX. Note similarity with field case shown to Figure 1. 
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Ficure 5.—Cross SEcTION: CURRENT SouRcE IN HicH-REsistivity ZONE IN HOLE 17 
Note low potential on this section indicating at best a weak continuity between conductors on this sec- 


tion and the current source. 


Ficure 6.—Cross SECTION: CURRENT SOURCE IN EXCELLENT ConpucTor 1N Hote 17 
=“ potential area around lower ore zone in hole 20 indicates continuity of this conductor and that in 


hole 17, 


review of the manuscript. The writers wish to 
thank The New Jersey Zinc Company for per- 
mission to publish this paper. 


ANALYSIS OF THE DATA 


Figure 1 illustrates data from a field case in 
which current was passed into the lower of two 


mineralized bodies of low resistivity from an 
electrode suspended in drill hole 3. As noted, 
the return electrode was so distant that it had 
little effect upon the potential distribution in 
the area to be studied. 

The contoured data are shown in the oblique 
section between holes 5 and 15 and in the 
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longitudinal section between holes 1 and 13. 
The axis of elongation of the equipotential 
contours is in the plane of the bedding in both 
sections. This is true for each of the cases de- 


data of Figure 2. The equipotential surfaces 
which surround the current source in drill hole 
3 are tremendously elongated along the axis 
joining drill holes 1 and 13 and are flattened 
along the vertical axis. Of great significance js 


DH-20 


FicurE 7.—LONGITUDINAL SECTION: CURRENT SOURCE IN HicH-REsIstIviry ZONE IN Hote 17 
[Minor ellipticity of the equipotential contours in the plane of this section indicates high resistivity be- 


tween source area and holes 16 and 20. 


Figure 2 shows how the two potential distri- 
butions would look if the earth were electrically 
uniform and isotropic. The calculation of 
Figure 2 was based on a situation in which 
potentials were referred to a reference station 
on the surface of the ground directly above the 
current source and assuming a resistivity for 
the earth of half a million ohm-centimeters. 
The geometrical shape of the contours would 
have been the same regardless of the choice of 
resistivity, but the magnitudes of the calculated 
potential gradients are controlled by the re- 
sistivity factor. A choice of half a million ohm- 
centimeters resulted in calculated potential 
gradients near the current source comparable 
to those observed in the field. The formula 
used in making the calculation is a special case 
of one described in the Appendix. 

There is little resemblance between the ob- 
served data of Figure 1 and the calculated 


the fact that the location of the equipotential 
maximum in the oblique section is shifted far 
to the right from its expected position near the 
projection of the current source upon the 
section. 

The extreme ellipticities of the equipotential 
surfaces observed here appear to be best ex- 
plained by a three-dimensional anisotropy in 
the country rock. The data suggest a situation 
in which the resistivity along vertical axes is 
much greater than the resistivity along bedding- 
plane axes, and further that the resistivity 
varies with direction in the bedding planes. In 
the example before us, the resistivity should be 
a minimum along axes parallel to the longi- 
tudinal section containing holes 1, 2, 3, 4, and 
13, a maximum along axes normal to the bed- 
ding, and should have an intermediate value 
along bedding-plane axes perpendicular to the 
directions just described. 
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SURFACE 
ON URRENT CTION. OF CURRENT SOURCE, 
C-C, FIG.- SECTION D-D, FIG-I5 


OF CURRENT SOURCE 
TO SECTION C-C, FIG.-I0 


FIGURE 8.—LONGITUDINAL SECTION: CURRENT SOURCE IN EXCELLENT CONDUCTOR IN HOLE 17 


Pronounced ellipticity and low-potential gradient indicate electrical continuity between current source 
and ore zone in holes 16 and 20. 
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FIGURE 9.—PLAN OF Dritt Hotes 22 To 38 
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FicurE 10.—Cross Section C-C: CuRRENT SOURCE IN ORE IN HOLE 30 


The potential distribution on this section demonstrates that there is no electrical connection between 
the ore on this section and the ore in which the current source is located in hole 30. 
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FicurE 11.—Cross Section D-D: CuRRENT SouRCE IN ORE IN HOLE 30 
Potential peak in hole 37 indicates electrical continuity between ore in holes 30 and 37. eq 
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A large and important conductor has been 
traced along the axis of minimum bedding- 
plane resistivity. This conductor penetrates the 
oblique section in the region of the maximum 


ANALYSIS OF DATA 


691 


maximum resistivity along vertical axes of 7 


million ohm-centimeters, a minimum resistivity 


of half a million ohm-centimeters along hori- 
zontal axes parallel to section XX, and an 


DH-30 
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Ficure 12.—Cross Section A-A: CURRENT SOURCE IN ORE IN HOLE 30 
High-potential gradient between hole 29 ore (at X) and current source indicates these two bodies are 


not electrically connected. 


potential. Inspection of these data indicates 
that drill holes 1 and 2 did not reach the 
mineralized horizon of drill hole 3. Subse- 
quently holes 1 and 2 were deepened, and both 
holes found ore at the expected horizon. 

It is probable that data from only three drill 
holes in the area of holes 5 to 10 would have 
directed attention toward the area containing 
the mineralized body. 

An attempt has been made to fit the field 
data shown here by calculations based on the 
assumption of a medium in which the resistivi- 
ties at all points taken along three perpendicular 
directions differ. Such a medium is termed tri- 
axially anisotropic. The formula used in these 
calculations is described in the Appendix. 

Figure 3 is a theoretical case illustrating the 
equipotential surfaces calculated assuming a 


intermediate resistivity of 2 million ohm 
centimeters along axes directed at right angles 
to the above two directions. This combination 
of resistivities was arrived at after a series of 
trial calculations. The ratios of the resistivities 
determine the ellipticities of the equipotential 
surfaces, and the absolute values of the re- 
sistivities fix the magnitudes of the voltages 
observed. 

The calculated data and the field data are in 
reasonably good agreement, and it is concluded 
that the resistivities present in the area of this 
survey are of the same order of magnitude as 
in the calculated case. 

Stratified rock containing interbedded layers 
of material of relatively good conductivity in 
many instances possesses biaxial anisotropy 
whereby the resistivity along axes parallel to 
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FicureE 13.—LONGITUDINAL SECTION B-B: CuRRENT SOURCE IN ORE IN HOLE 30 


Pronounced ellipticity of equipotential contours shows the influence of ore in the plane of this section 
and its continuity between holes 30 and 37. 
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FicurE 14.—Cross Section C-C: CurrENT SOURCE IN ORE IN Hote 29 


The potential maximum lies between holes 23 and 25 and below the bottom of hole 24. None of the 


ore found on this section with the possible exception of that in hole 23 is connected electrically with the 
ore of the current source in hole 29. 


the bedding planes is less than the resistivity __ resistivity in the plane of the bedding which we 
along axes normal to the bedding. This situa- encounter here is of great interest. 

tion is in conformity with the physical sym- Geological evidence indicates that the direc- 
metry of a stratified section. The variation of _ tion of minimum resistivity coincides with the 
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long axes of the mineralized bodies. It is be- 
lieved that, in the absence of mineralization, 
the barren rock would have been biaxiaily aniso- 
tropic but that the process of mineralization 
established the direction of minimum resistivity. 


8 


supported by the elongated contours in the 
longitudinal section (Fig. 8) through holes 16, 
17, and 20. Continuity at least as far as hole 
16 is indicated. 

With the current source in the high resistivity 


FicurE 15.—Cross Section D-D: CurrENT SOURCE IN ORE IN HOLE 29 
Potential peak in hole 36 shows continuity of hole 29 ore. Larger ore in hole 37 does not have electrical 


continuity with hole 29 ore. 


Figures 4-8 illustrate two field cases utilizing 
current sources placed at two levels in the same 
drill hole (No. 17). The locations of the drill 
holes are shown by Figure 4. These surveys in- 
volve the same body of rock; the only difference 
is in the environment of the point of electrifica- 
tion. Figures 5 and 7 illustrate data associated 
with the upper source, located in a high- 
resistivity zone. Figures 6 and 8 apply to data 
associated with the lower source, located in an 
excellent conductor. 

In the transverse section containing holes 18 
to 21 (Fig. 6), it is significant that, with the 
current source in the low-resistivity zone, the 
potential maximum focuses over a thin but 
highly conductive zone in drill hole 20. This 
Suggests that the conductors in drill holes 17 
and 20 are connected. This interpretation is 


zone (Figs. 5, 7), elongation of the contours is 
much less pronounced, particularly in the 
longitudinal section (Fig. 7), than was the case 
for the current electrode in the low-resistivity 
zone. This suggests that the electrified con- 
ductor (mineralized body) greatly influences the 
potential distribution. The importance of locat- 
ing the current electrode in the conductor is 
demonstrated by these figures. 

In a case in which drilling had disclosed two 
adjacent mineralized horizons of low resistivity, 
it was desired to obtain information on possible 
strike extension, to discover whether the two 
mineralized horizons were connected and to 
deduce any other information relative to their 
habits of occurrence. 

The location map (Fig. 9) illustrates the ar- 
rangement of drill holes in the area of interest. 
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Hole 29 penetrated the lower, and hole 30 the B-B to which our attention was already dj- bet 


upper mineralized horizon. Accordingly these _ rected. ; clo: 
holes were chosen as sites for the current The bedding-plane elongation is more ex- Fig 
electrodes. treme in section B-B than in the section Age 


FicurE 16.—Cross Section A-A: CURRENT SOURCE IN ORE IN HOLE 29 

Lack of electrical continuity between holes 29 and 30 ore is shown by intervening zone of high-potential 
gradient. Similar steep gradients show discrete nature of other ore lenses in holes 27 and 28. sh 
stl 
Figure 10 illustrates contoured data obtained containing holes 26-31. Section B-B contains Al 
in the vertical section containing drill holes the axis of minimum resistivity which is an pe 
22-25 for a current source in the ore in hole expression of the long axis of the mineralized a 
30. Figure 11 covers the section containing body. - 
holes 33-39, for the same current source lo- In Figure 12, point X in drill hole 29 marks 4 
cation. the level at which the lower mineralized horizon he 

The locations of the equipotential maxima occurs. It appears as an area of low potential 
in both sections do not coincide with projections gradient. Between the hole 29 and hole 30 con- s 
of the source upon the two sections. Instead ductors is a zone of abnormally high potential - 
they are shifted laterally in opposite directions gradient. This indicates that no close connec- = 

in such a manner as to place them both essen- tion exists between the two mineralized zones. 
tially on a straight line through the current This interpretation is important since the geo- tc 
source. This line has the direction B-B (Fig. 9). logical evidence is ambiguous relative to a 
This is the direction of the maximum elonga- whether a connection exists between the con- bs 
tion of the equipotential surfaces which sur- ductors in the two drill holes. . 
round the current source. Figures 14 and 15 cover data obtained in the = 
Figures 12 and 13 present two other sections _ two transverse sections containing holes 22-25 * 
surveyed with the same current source in drill and 33-39, with the current source in the deeper " 
hole 30. Figure 12 pertains to the section con- conductor in drill hole 29. , 
taining holes 26-31. Figure 13 contains the line In Figure 14, the potential maximum lies _ 
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between drill holes 23 and 25 and is probably 
close to but below the bottom of hole 24. In 
Figure 15, the potential peak falls near hole 36. 
Again the two areas of potential maxima 


region of low potential gradient. The data sup- 
port the earlier conclusion that the conductors 
in holes 29 and 30 are not related in this section. 

The potential gradient in the plane of the 


x x 
\ 
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CURRENT SOURCE 


Ficure 17.—LONGITUDINAL SECTION E-E: CURRENT SOURCE IN ORE IN HOLE 29 


Probable continuity of hole 29 ore with that in hole 36 is illustrated by long axis of equipotential ellipse 
and location of potential peak about the ore in hole 36. 


shown on these figures are very nearly on a 
straight line containing the current source. 
Axis E-E (Fig. 9) defines the horizontal com- 
ponent of this line. It parallels line B-B, indi- 
cating that the direction of minimum resistivity 
coincides in the two cases. The data of Figure 
14 indicate that hole 24 stops short of the ore 
horizon. 

Figures 16 and 17 cover data obtained in the 
sections containing holes 26-31 and 24, 29, 
and 36; the current source still being located 
in drill hole 29. 

The tendency for the equipotential contours 
to be stretched out along the bedding is again 
in evidence as is the fact that the resistivity 
varies with direction in the bedding. The situa- 
tion is like that of the data associated with the 
source in drill hole 30. The data of Figure 17 
again indicate that hole 24 stops short of the 
ore horizon. 

In Figure 16, Y marks the location of the ore 
in hole 30. The conducting zone appears as a 


bedding from hole 29 in the up-dip direction is 
steeper than in the down-dip direction (Fig. 16). 
This fact indicates that the mineralization of 
this horizon is more pronounced down-dip 
than it is up-dip. 

Finally, let us compare Figures 13 and 17. 
The elongation of the equipotential contours 
while extreme in both cases is outstanding in 
the case of the source in the drill hole 30 con- 
ductor (Fig. 13). This suggests that the min- 
eralization associated with the drill hole 30 
conductor may be more important in its longi- 
tudinal development than the mineralization 
with which the hole 29 conductor is associated. 


APPENDIX 


The formula used to calculate the potential 
distribution about an isolated source embedded 
below the surface of an anisotropic medium in 
which the bedding is horizontal is as follows: 
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/ PrPyPs When the distances used in the calculations are 
~ in feet, resistivities must be expressed in ohm-feet, 
When distances are in centimeters, resistivities 
1 must be expressed in ohm-centimeters. 
+o + — da) The potential is made up of contributions froma 
real source located at 0, 0, d, and of an image source 
+ 1 located at 0, 0, —d. The image source takes care of 
pot? + pyy® + plz + effect of the air-earth boundary on the current 
ow. 
where d is the depth of the source When the resistivities are equal, the formula 
xand y are the horizontal co-ordinates, and z reduces to the case of an isolated current source 
the depth co-ordinate of the point at which embedded in an isotropic medium. 
the potential is calculated. The origin of the 
co-ordinate system is the surface point above REFERENCES CITED 
the source. Brown, W. H., 1935, Quantitative study of or 
ps is the resistivity along the vertical axis. zoning, Austinville Mine, Wythe County, 


Virginia: Econ. Geology, v. 30 p. 425-433 
Pe, py are resistivities along the horizontal axes of Currier, L. W., 1935, zinc and lead region of South- 


I 


* minimum and maximum bedding plane re- western Virginia: Va. Geol. Survey Bull. 4%, 
sistivity. 122 p. 

Tis the current flowing from the source in 

amperes. New Jersey Zinc Co., PALMERTON, NEw Jer- 
r ¢ is the potential at the point x, y, z, in volts sEY Zinc Co., JEFFERSON, TENN. 

ao referred to an infinitely distant potential MANuscRIPT RECEIVED BY THE SECRETARY OF THE 
7 reference. Society, FEBRuARY, 21, 1955 
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COARSE CONGLOMERATES OF THE MIDDLE ORDOVICIAN IN THE 
SOUTHERN APPALACHIAN VALLEY 


By Joun M. KELLBERG AND LELAND F. GRANT 


ABSTRACT 


Middle Ordovician conglomerates at about the same stratigraphic position have been 
studied in six areas along the southeastern margin of the Valley and Ridge Province for 
325 miles from Fincastle, Virginia, through eastern Tennessee to northern Georgia. 

Pebbles and cobbles in the conglomerates are mainly limestone derived from the Upper 
Cambrian and Lower Ordovician, but many are quartzite, sandstone, or siltstone from the 


Middle and Lower Cambrian. 


Studies of the rounding of pebbles and cobbles and the distribution of the coarser beds 
show that the source area lay to the southeast. These conglomerates are interpreted 
as deposits laid down in a subsiding trough near discharge points of major streams 
draining recently uplifted highlands to the southeast. The conglomerates record early 
pulsations of the orogenic disturbance which affected the southern Appalachians from 


Chazy to early Trenton time. 
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INTRODUCTION 


The wedgelike Middle Ordovician clastic 
rocks in the southern Appalachian Valley 
were named the Blount group (Ulrich, 1911, 
Pl. 27). They are thickest along an axis be- 
tween Knoxville and Bristol, Tennessee, and 
thin northeastward and southwestward along 
the strike and northwestward across the dip 
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as they grade laterally into limestone of 
equivalent age. Overriding thrust sheets of 
the Blue Ridge Front hide the southeastward 
extension. This paper describes conglomerates 
in these clastic rocks from Fincastle, Virginia, 
to Cisco, Georgia (Pl. 1). Some of these de- 
posits have been mentioned or described 
previously as isolated occurrences (Safford, 
1869; Campbell, 1899; Keith, 1905; Stow and 


= 
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Bierer, 1937; Butts, 1940, p. 159, 164; Butts 
and Gildersleeve, 1948, p. 29; Decker, 1952, 
p. 60-64), but recognition of their interrelated 
significance should aid in interpreting the 
origin of this wedge. 
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ScoPE OF WoRK 


The writers first saw these Middle Ordovician 
conglomerates while doing geologic work on 
the South Holston Dam, 7 miles southeast of 
Bristol, Tennessee. Geologic investigations 
disclosed conglomerate lenses interbedded 
with Middle Ordovician shales and sandstones. 
Field examinations from Virginia to Georgia 
revealed six areas in the southern Appalachian 
Valley where conglomerate lenses occur in 
Middle Ordovician rocks. Presumably not all 
such deposits in the region have been dis- 
covered, for this would require detailed map- 
ping of a belt 350 miles long and 20-30 miles 
wide; however, those found shed light on 
Middle Ordovician orogenic disturbances 
in the southern Appalachians. 


Previous WorkK 


Keith, Hayes, and Campbell did much of 
the original geologic mapping of the southern 


Appalachian Valley. Butts (1933; 1940) 
mapped in more detail the portion of the 
valley in Virginia. Data available on the 
Tennessee portion to 1950 were published as 
the Geologic Map of East Tennessee (Rodgers, 
1953). Butts and Gildersleeve (1948) described 
the area underlain by Paleozoic rocks in 
northwest Georgia. 


GENERAL GEOLOGIC RELATIONSHIPS 


In this paper the southerr. Appalachian 
Valley is that portion of the Valley and Ridge 
Province southwest of the James River. The 
geologic structure is characterized by numerous 
southeastward-dipping, low-angle thrust faults, 
which define relatively narrow, linear belts of 
outcrop trending northeast. In some places 
facies changes, especially in the Ordovician 
rocks, from one fault sheet to the next make 
correlation difficult. 

The clastic sediments of early Middle 
Ordovician age are confined to the south- 
easternmost thrust sheets of the Valley and 
Ridge Province. In three of the six areas 
studied, the conglomerates crop out within a 
mile of the thrust marking the northwestern 
boundary of the Blue Ridge Front. 

Keith (1895) gave the name Tellico sand- 
stone to the calcareous sandstones and shales 
overlying the Athens shale in the belt of out- 
crops southeast of Knoxville in Blount and 
Sevier counties, Tennessee. Butts (1940, p. 
170) states that the Tellico is absent in Virginia 
but recognizes the thick sequence of inter- 
bedded sandstones and shales which he places 
in the top of the Athens at the stratigraphic 
position Keith defined as the Tellico. Rodgers 
(1953) distributes these coarser clastics among 
three map units—Athens, Holston, and Sevier. 
While recognizing the lack of agreement in 
the correlation of the Tellico formation (Twen- 
hofel, 1954, p. 285, Figs. 1, 2), the authors 
believe that in the belts of outcrop where the 
conglomerates occur the name is justified for 
the conglomerate, sandstone, and shale over- 
lying the Athens. 


DESCRIPTION OF KNown DEPOSITS 
Fincastle Area 


LOCATION AND GEOLOGIC SETTING: Probably 
the best-known conglomerate occurrences 


Ridge 
. The 
erous 
aults, 
Its of 
laces 
rician 
make 


‘iddle 
outh- 
and 
areas 
nin a 
stern 


sand- 
hales 
out- 
and 
), P. 
ginia 
nter- 
laces 
phic 
igers 
nong 
vier. 
it in 
wen- 
hors 
the 
| for 
yver- 


ably 
nces 
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are in road cuts along U. S. Highway 220, 
1.5 miles north of Fincastle, Botetourt County, 
Virginia (Fig. 1). This locality was described 
by Stow and Bierer (1937, p. 71), by Butts 


A 2300-foot exposure of Tellico extends from 
the thrust fault on the southeast to the flood 
plain of Catawba Creek on the northwest. 
The following section from southeast to north- 


Shale and Sandstone Lenoir-Mosheim Limestone 
Dolomite Limestone Copper Ridge Dolomite 


AREAL GEOLOGY 


GEOLOGY ADAPTED FROM 
VA. GEOL. SURV BULL. 42 


SCALE 
1000 1000 2000 _3000__4000__5000 FEET 


Sea Level _| 
GEOLOGIC SECTION 
LINE A-A 


FicurE 1.—GroLocic Map AnD SECTION, FINCASTLE 


(1940, p. 159), and by Decker (1952, p. 60-64). 
Here the Athens and Tellico exposures in a 
synclinal basin extend 9 miles along the 
strike and are 31g miles in maximum width. 
The major portion of this outcrop belt is 
the Athens shale, and a small area on the 
southern border is underlain by Tellico. These 
deposits lie on a northeast salient of the Pulaski 
thrust sheet (PI. 1). 

Immediately south of this locality the 
Tellico and Athens are overridden by a minor 
thrust sheet of Chepultepec and Beekmantown 
limestone and dolomite (Fig. 1). The major 
overthrust marking the northwest front of 
the Blue Ridge lies 11 miles southeast of 
Fincastle. 

DESCRIPTION OF OCCURRENCE: Beds of 
conglomerate crop out along the east side of 
the road 1-114 miles north of Fincastle (Fig. 1). 


west was measured in 1950: 


Outcrop width 


Description of unit 
eet 


Chepultepec in hanging wall of fault 


Contorted shale with thin sandstone 

Coarse conglomerate with sandy matrix, 


Gradational zone with a preponderance 
of sandstone on southeast grading to 


mostly shale on northwest............ 225 
Mostly concealed, but some exposures 

show indications of complex structures.. 1150 
Shale—folded and contorted............ 150 
Shale—containing a few small folds, 

average dip G0 560 
Gradational zone, grading from _pre- 

dominantly shale on southeast to 

sandstone on northwest.............. 75 
Sandstone with shaly partings........... 5 
Coarse conglomerate with sandy matrix. . 2 
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Outcrop width 
feet 


Interbedded coarse conglomerate and 
sandstone; some conglomerate with a 
sandy matrix and some with a shaly 


Description of unit 


Although more than half the section is 
concealed and correlation of individual beds 
between the limbs of the fold is impossible, 
the structure is believed to be an overturned 
syncline whose axial plane dips southeast. 
This interpretation is indicated by the two 
gradational zones which show a general de- 
crease in grain size toward the center of the 
structure and by the fact that in the regional 
geologic structure of the southern Appalachians 
overturned synclines commonly develop in 
the footwall of thrust faults. 

Except for the exposures along U. S. Route 
220 outcrops are meager in this belt. In the 
hills northeast of the highway bedrock is 
mantled by residuum, and no outcrops of 
conglomerate were seen. In the section ex- 
posed along the county road 5000 feet east 
there is no indication of conglomerate beds. 
Limited areal extent is characteristic of these 
deposits. 

LITHOLOGIC ANALYSIS: Fourteen samples 
obtained for lithologic analysis included 
specimens of the coarse conglomerate, average 
pebble size larger than 1 inch, and the fine 
conglomerate, average pebble size from half 
to a quarter of an inch. The coarser phase 
makes up the bulk of the conglomerate; the 
finer-grained conglomerates occur as small 
lenses usually near the top or the bottom of 
the coarser beds (PI. 2, fig. 1). 

The same rock types are in both the coarse 
and the fine conglomerates; but the per- 
centages differ as indicated by analyses based 
on a count of 2127 individual pebbles and 
cobbles: 


Coarse Conglomerate Fine 


Rock type Per cent Rock type er cent 
Limestone. .... 38.6 Limestone....... 9.0 
Quartzite...... 29.0 Quartzite........ 9.0 
Vein quartz.... 22.1 Vein quartz...... 62.7 
Sandstone..... 4.1 Sandstone....... +2 
Siltstone....... 2:6 4.2 


“Other” includes rock types present in small 
amounts, such as greenstone and calcite. 

It is possible to identify certain formations 
that contributed some of the pebbles and 
cobbles in the conglomerate. Among the lime- 
stone pebbles are fragments of fine-grained 
limestone conglomerate typical of those in 
the Elbrook formation (Middle Cambrian); 
pebbles of sandy limestone and of limestone 
with siliceous laminae typical of the Cono- 
cocheague formation (Upper Cambrian); peb- 
bles of dark gray-blue, finely crystalline 
limestone typical of the Chepultepec forma- 
tion (Lower Ordovician); and pebbles of 
aphanitic, gray limestone typical of the 
Beekmantown formation. No limestone pebbles 
could be assigned to the Shady formation 
(Lower Cambrian) or the Rome formation 
(Lower Cambrian), although these formations 
probably are represented. Most quartzite 
pebbles are dark-green, arkosic, conglomeratic 
types common in the basal Cambrian Unicoi 
formation, although a few pebbles are grayish- 
white, clean quartzite typical of the Erwin 
formation (Lower Cambrian). Two distinct 
types of vein quartz are present in approxi- 
mately equal amounts: (1) clear to milky 
quartz devoid of inclusions, and (2) milky 
quartz containing many inclusions of chlorite 
and limonite pseudomorphs after pyrite. The 
vein quartz could have been derived either 
from erosion of conglomerates in the Unicoi or 
possibly from the basement complex southeast 
of the Blue Ridge Front. Most of the sand- 
stone pebbles are reddish brown and _fine- 
grained, similar to those in the Rome formation 
from which they probably were derived. The 
majority of the chert is dense and _ black, 
typical of chert nodules in the Lenoir lime- 
stone. The limited amount of dark-green, 
dense, jasperoid chert is probably derived 
from the Shady formation. The brown silt- 
stones probably originated from the Rome 
or the Hampton formation (Lower Cambrian). 
The greenstones could represent either the 
amygdaloidal basalt flows in the Unicoi or 
the greenstones, such as the Catoctin, farther 
east. 


South Holston Area 


LOCATION AND GEOLOGIC SETTING: Middle 
Ordovician clastic rocks are thickest in a belt 
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DESCRIPTION OF KNOWN DEPOSITS 


extending for 40 miles from Johnson City, 
Tennessee, to northeast of Abingdon, Virginia. 
South Holston Dam and Reservoir lie in the 
central section of this belt. 
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estimated to be as thick as 10,000 feet in this 
vicinity (Butts, 1940, p. 165), but the writers 
believe this is high. As no complete section is 
exposed an accurate measurement of the 
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AREAL GEOLOGY 


GEOLOGIC SECTION 
LINE A-A 
Ficure 2.—Gro.ocic Map anp SECTION, SoutH Hoitston Dam 


The Athens shale and Tellico formation 
crop out in the South Holston area in three 
belts striking northeast occupying the troughs 
of one broad syncline on the southeast and 
two narrower synclines to the northwest. The 
southeast limb of the largest syncline is trun- 
cated by the Holston Mountain fault along 
which the Unicoi quartzite is thrust over 
sandstones and shales of the Tellico and 
Athens. 

Coarse conglomerates occur only in the 
southeasternmost outcrop belt of the Tellico 
formation. In the two synclines to the north- 
west the Tellico consists of interbedded shale 
and sandstone. The conglomerates are not 
confined to one stratigraphic position but are 
distributed at intervals throughout the exposed 
thickness of the Tellico formation. 

The combined Athens and Tellico have been 


thickness is impossible; however, considering 
the repetition by folding and faulting and the 
lenticular character of the beds, a thickness 
of not less than 5000 feet nor more than 8000 
feet seems probable. 

The lithology of the Tellico changes within 
short distances both laterally and vertically. 
Along the axis of South Holston Dam a con- 
tinuous section 1700 feet in length, based on 
cores and exposures, showed lithologic varia- 
tions which made difficult the detailed correla- 
tion of cores recovered from holes spaced on 
12-foot centers. A gray, medium-grained, 
calcareous sandstone and a black, fissile, 
arenaceous shale account for approximately 
85 per cent of the formation. The remaining 
15 per cent consists of argillaceous shale, 
shaly sandstone, and conglomerate. 

DESCRIPTION OF OCCURRENCES: Because the 
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Tellico is thicker in this area and because 
the writers have done more detailed work 
here, more specific information on coarse 
conglomerates is available from the South 
Holston area than from any other. 

During the construction of the dam an 
aggregate quarry was opened in the hillside 
on the right bank of the river half a mile 
downstream from the dam (Fig. 3). The 
structure in the southeast flank of the hill 
is a warped and plunging syncline containing 
the basal beds of the Tellico underlain by the 
Athens shale. At the southwest end of the 
quarry a lens of coarse conglomerate 30 feet 
thick is the basal member of the Tellico. This 
lens gradually thins northeastward and is 
absent at the end of the quarry, 300 yards to 
the northeast where a 10-foot bed of medium- 
grained sandstone lies directly on the Athens. 
The only indication that this sandstone is 
equivalent to the conglomerate is some in- 
cluded widely scattered quartzite cobbles up 
to a foot across. 

A section showing the interfingering of the 
sandstone and conglomerate was measured 
in core from exploratory holes drilled normal 
to the dip near the center of the quarry. 


Description of unit Thickness 


in feet 
Medium-grained sandstone with shaly 
Conglomerate, maximum pebble size 
Medium-grained sandstone with shaly 
Conglomerate, maximum pebble size 
Medium-grained sandstone with shaly 
Conglomerate, maximum pebble size 
Medium-grained sandstone with shaly 
Conglomerate, maximum pebble size 
Conglomerate, maximum pebble size 


Athens shale; black, calcareous, pyri- 
tiferous 


Most of the rock fill for South Holston Dam 
was obtained from a quarry about 900 feet 
upstream from the dam on the right bank 
of the river (Fig. 2). A continuous section was 


measured from the Athens-Tellico contact 
2000 feet northwest of the quarry to the 
highest beds exposed in the quarrying opera- 
tions. Here the lower 100 feet of Tellico con- 
sists of thick-bedded sandstone devoid of 
conglomerate lenses. Succeeding this is 860 
feet of interbedded shaly sandstone and sandy 
shale. Finally there is 340 feet of sandstone 
containing conglomerate lenses and a few thin 
shale beds. 

Detailed measurements from exploratory 
drill holes and observations of the strata 
exposed in the quarry faces shows the following 
sequence: 


Description of unit Thickness 
in feet 
Sandy shale—highest beds exposed...... 13 
Fine-grained sandstone with a few shaly 

Medium-grained sandstone with a few 

Coarse conglomerate with shaly matrix... 7 
Medium-grained sandstone with a few 

Medium-grained sandstone............. 5 
Coarse conglomerate with shaly matrix. . 3 
Medium-grained sandstone............. 4 
Fine-grained sandstone with shaly part- 

Fine-grained sandstone with a few shaly 

Medium- to fine-grained sandstone....... 54 
Coarse conglomerate with shaly matrix.. 12 
Medium-grained sandstone.............. 31 
Fine-grained sandstone with shaly part- 


Prior to quarrying the conglomerate beds 
were continuous throughout the quarry, 
cropping out on both limbs and around the 
nose of a syncline. Examination of these zones 
where their projection along the strike inter- 
sects the axis of the dam showed medium- to 
coarse-grained sandstones, not conglomerates. 
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Several beds of coarse conglomerate are 
exposed in a small road-metal quarry on 
Sulphur Spring Branch of Fishdam Creek 3 
miles east of South Holston Dam and in cuts 
along an old road 100 yards to the northeast 
(Fig. 4). These exposures are submerged by 
South Holston Lake except when the water 
level is below elevation 1640, a drawdown of 
90 feet from normal full pool. 

At this locality a zone of sandstone and 
conglomerate 500 feet wide strikes N. 40° E. 
and dips 30° SE. These strata are overlain and 
underlain by sandy shales and shaly sand- 
stones. Because of complex geologic structure 
the exact stratigraphic position of this zone 
relative to the top of the Athens shale is not 
known; however, from all indications it is 
several thousand feet stratigraphically above 
the top of the Athens. 

In the road-metal quarry features of the 
70-foot exposure indicate preconsolidation 
slump, rapid change of grain size, and thicken- 
ing and thinning of individual beds. A section 
was measured across the quarry face. 


Description of unit — 
in feet 
Thin-bedded, fine-grained sandstone with 
shaly partings showing preconsolida- 
tion slump and contortion and con- 
taining discontinuous beds of medium- 


14 
Thick-bedded, medium- to coarse-grained 

sandstone containing a few small lenses 

of fine-grained conglomerate near base. . 7 


Coarse conglomerate in a medium-grained 
sandy matrix having a random sorting 
of pebbles ranging in size from 12 inches 
to one-fourth of an inch.............. 10 


Thick-bedded, medium- to coarse-grained 
sandstone containing a few thin lenses 


of fine-grained conglomerate near top... 744 
Thin-bedded, fine-grained sandstone with 
Thick-bedded, medium- to coarse-grained 
Medium-bedded, fine-grained sandstone. . 3 
Dark gray, sandy shale................. 244 
Thin-bedded, fine-grained sandstone with 


Coarse conglomerate in medium-grained 
sandy matrix, pebble size ranging from 


Medium-bedded, fine-grained sandstone. . 3 


These beds can be traced northeast along 
the strike to a conglomerate exposure in cyt 
along an abandoned road. This exposuy 
contains the largest fragment found in th 
conglomerates, a conglomeratic quartzite 
boulder 18 inches in maximum dimension 
Farther northeast the conglomerates pind 
out on a slope on the right bank of Fishdam 
Creek. 

Geologic investigations coincident with the 
relocation of portions of U. S. Highway 42; 
disclosed one subsurface and one surface oc. 
currence of coarse conglomerates. 

Exploratory drilling at the main river 
pier of the highway bridge crossing the reservoir 
disclosed a bed of coarse conglomerate 7 feet 
thick striking N. 40° E. and dipping 55° SE. 
This conglomerate contains the usual assem- 
blage of pebbles up to 6 inches in maximum 
dimension embedded in a medium- to coarse- 
grained sandstone matrix. Exposures in the 
highway cuts and information from the 
exploratory drilling permitted measurement of 
a continuous section from the top of the 
Athens shale to this bed. The conglomerate is 
1500 feet above the Athens-Tellico contact. 

Along the valley of Lucy Creek, 214 miles 
southeast of the reservoir crossing, traces of 
coarse conglomerates crop out in cuts along 
the roadside. A 10-foot sandstone bed in a 
shallow syncline apparently is an extension o! 
the zone exposed at the Fishdam Creek lo- 
cality (Fig. 4). This bed contains scattered 
small rock fragments and well-rounded lime- 
stone and quartzite cobbles and shows con- 
torted laminae and lenses indicative of pre- 
consolidation slumping. From all indications 
this deposit represents the marginal fringe of a 
larger conglomerate deposit now hidden or 
removed. 

Conglomerates are exposed in cuts along 
the relocated Virginia State Highway 672 
half a mile southeast of Avens Bridge. On 
the southwest side of the highway seven beds 
of medium- to fine-grained conglomerate are 
interbedded with sandstones and shales. The 

extremely coarse conglomerates characteristic 
of other exposures in the South Holston area 
are absent. Nearly all pebbles at this locality 
are smaller than 2 inches in maximum dimen- 
sion. From exploratory drilling at the Avens 
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DESCRIPTION OF KNOWN DEPOSITS 


Bridge site and from the road cuts it has been 
determined that the Athens shale is 2300 feet 
thick and that the conglomerates occur 700 
feet above the Athens-Tellico contact. 

It is likely that removal of residual cover by 
scouring action along the shore line will un- 
cover other conglomerate outcrops. 

LITHOLOGIC ANALYSIS: Where unweathered 
the conglomerate matrix is gray-green slightly 
calcareous sandstone or gray-green calcareous 
shale. Usually the unweathered quartzite and 
limestone pebbles are nearly the same color, 
and it is difficult to differentiate between 
pebbles and matrix in a fresh specimen. 
Slightly weathered the matrix is brownish, 
limestone pebbles have a gray patina, and the 
green quartzites are unchanged. Thus in 
slightly weathered rock the contrast between 
the matrix and the enclosed pebbles is marked 
(Pl. 2, figs. 2, 3). In advanced stages of 
weathering the quartzite pebbles protrude 
from the matrix, and the dissolved limestone 
pebbles are represented by voids. 

Fifteen representative samples of con- 
glomerate from the South Holston area were 
selected for lithologic analysis. The specimens 
show poor sorting. Most of the samples were 
the coarser conglomerates, average pebble 
size exceeding 1 inch, for the finer-grained 
phase makes up only a small portion. Per- 
centages of rock types represented in the 1924 
pebbles counted are: 


Rock type Per cent 


The majority of the quartzite pebbles are 
medium-grained, dark green, and somewhat 
feldspathic, typical of the lower members of the 
Unicoi formation. Other quartzites are fine- to 
medium-grained, white to light gray, and well 
sorted, typical of the Erwin formation. Fine- 
grained red and green sandstones identical to 
those in the Rome formation occur sparsely 
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throughout the samples as do brown siltstones 
apparently derived from either the Rome or the 
Nolichucky. The greatest variation is in the 
types of limestone pebbles, which include intra- 
formational conglomerate pebbles from the 
Honaker; sandy, medium-grained limestones 
typical of the Conococheague; fine-grained to 
aphanitic limestones from the upper Knox; 
and fine-grained, argillaceous, and fossiliferous 
limestones from the Lenoir. Many limestone 
pebbles, however, have no _ characteristic 
which identifies them with a formation. Black 
aphanitic chert typical of the Lenoir and red 
and green jasperoid cherts probably from the 
Shady are prominent. The vein quartz is 
dominantly milky white without megascopic 
inclusions, but a few pieces of relatively clear 
vein quartz occur. Among the minor con- 
stituents making up about 0.1 per cent of 
the pebbles are greenstones probably derived 
from the amygdaloidal lavas in the Unicoi 
formation and rhyolites from the Mt. Rogers 
volcanic group. 


Greeneville Area 


LOCATION AND GEOLOGIC SETTING: Coarse 
conglomerates occur in the Tellico formation 
45 miles southwest of South Holston Dam 
and 814 miles south of Greeneville, Tennessee 
(Pl. 1). They are best exposed 8000 feet 
south of the junction of Tennessee highways 
70 and 107 (Fig. 5). 

In this vicinity the Athens shale and Tellico 
formation crop out in a distorted syncline. 
The belt of outcrop extends 614 miles along 
the strike (N. 60° E.) and has a maximum 
width of 21% miles. The southeast flank is 
truncated by the overthrust marking the 
northwestern margin of the Blue Ridge. Most 
of the area is underlain by the Athens shale, 
the overlying Tellico is exposed in the higher 
hills where erosional remnants are preserved 
in the troughs of minor synclines. Keith 
(1905) gives an estimated thickness of 1000 
feet for the Athens and a maximum exposed 
thickness of 200 feet for the Tellico. Consider- 
ing the intricate structure more refined measure- 
ments are not warranted. 

DESCRIPTION OF OCCURRENCE: Keith (1905) 
in his description of the Athens shale mentions 
the occurrence of a thin limestone conglomerate 
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associated with sandy beds in the upper part 
of the formation east of Limestone Springs. 
There is little doubt that this is the con- 
glomerate lens investigated by the authors 


with sandstone and sandy shale from the 
crest of the ridge down the southeast flank. 
The thicknesses of individual conglomerate 
beds range from 1 to 5 feet, and the zone 
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and that here Keith did not separate the 
Tellico from the Athens. The deposit was 
brought to the writers’ attention by H. W. 
Ferguson. Earlier it was referred to in a 
general way by Safford (1869, p. 511). 

The conglomerate lens can be traced along 
discontinuous outcrops in wooded terrain for 
slightly more than 2000 feet along the strike, 
N. 70° E., on the ridge southeast of Cove 
Creek (Fig. 5). The sandy shales, sandstones, 
and conglomerates of the Tellico make the 
ridge; the flood plain of Cove Creek to the 
northwest is underlain by Athens shale; the 
saddle and the next hill to the southeast are 
underlain by Shady dolomite in the hanging 
wall of the Meadow Creek Mountain fault. 

Outcrops of conglomerate are interbedded 


has a maximum thickness of 80 feet. The beds 
thin and grade into sandstone at both ends of 
the outcrop belt. 

Details of the structure are obscure because 
of the lack of continuous outcrops and the 
proximity to the maior overthrust on the 
southeast. The average dip of the strata is 
70° SE. It is believed that this Tellico outcrop 
is on the northwest limb of a minor syncline 
the southeast limb of which is overridden by 
the Meadow Creek Mountain fault block 
(Fig. 5). 

LITHOLOGIC ANALYSIS. The coarse conglom- 
erates at the Greeneville locality are composed 
primarily of limestone pebbles and cobbles 
averaging 3-4 inches in greatest dimension 
and ranging from 12 inches to one-eighth of 
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an inch (Pl. 2, figs. 4, 5, 6). The matrix is 
dominantly medium-grained, slightly  cal- 
careous, quartzose sandstone, but in a few 
beds the cement is argillaceous rather than 
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Honaker; and fine-grained to aphanitic, fossil- 
iferous limestone from the Lenoir. The silt- 
stone is identical to that in the Nolichucky 
and Rome formations. The fine-grained, red 
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arenaceous. Percentages of rock types in the 
614 pebbles and cobbles counted are: 


Rock type Per cent 


In the limestone fraction several source 
formations could be identified: sandy limestone 
typical of the eastern belts of the Knox; 
darker, bluish-gray, slightly mottled limestone 
from the Shady; banded limestone and intra- 
formational limestone conglomerate from the 


sandstone is typical of the Rome formation. 
The medium-grained, white quartzite was 
probably derived from the Erwin, and the 
arkosic, conglomeratic quartzite is typical of 
the Unicoi formation. The few small vein- 
quartz pebbles probably were derived from 
the conglomeratic beds in the Unicoi. 


Douglas Reservoir Area 


LOCATION AND GEOLOGIC SETTING: The 
first three areas described lie on the Pulaski 
thrust sheet; this area and the two succeeding 
ones lie on the Saltville thrust sheet. The 
Pulaski thrust either disappears under the 
Blue Ridge Front or dies out about 15 miles 
southwest of the Greeneville locality (Pl. 1). 
Most Middle Ordovician rocks on the Saltville 
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thrust sheet occur in the Bays Mountain 
syncline, which extends for more than 145 
miles from Kingsport, Tennessee, to Etowah, 
Tennessee. From Kingsport to southwest of 
Greeneville, Tennessee, this structure is over- 
ridden on the southeast by the Pulaski thrust 
sheet; its extension southwestward is truncated 
on the southeast by the thrusts marking 
the northwestern boundary of the Blue Ridge 
Front. Only on the portion of the Saltville 
sheet overridden by the thrusts of the Blue 
Ridge Front do the coarse conglomerates 
occur. The outcrop belt of Middle Ordovician 
rocks decreases in width from 15 miles near 
Greeneville to 8 miles near Douglas Reservoir. 
The narrowing is due to minor folds and 
faults. 

Douglas Reservoir is underlain mostly by 
the Athens and Sevier shales. In this area 
the Athens and Sevier are complexly inter- 
folded and faulted so that their outcrop patterns 
appear as narrow interfingering belts striking 
northeast. In one belt, near the center of the 
reservoir, 4 miles southeast of Dandridge, 
Tennessee (Pl. 1), the contact between Athens 
and overlying Sevier is marked intermittently 
for 6 miles along the strike by the coarser 
Tellico facies, a maximum 125 feet of inter- 
bedded sandstone and shale with a few con- 
glomeratic lenses. The best exposures of the 
Tellico in this area are in cuts along the county 


highway adjacent to the Indian Creek embay- 
ment of the reservoir and along the shore line 
of the embayment (Fig. 6). In the reservoir 
area the Athens is about 800 feet thick; the 
Tellico is as much as 125 feet thick; and the 
overlying Sevier is about 1000 feet thick. 
The thicknesses of the Athens and Sevier are 
necessarily approximate because no complete 
sections are exposed. 

DESCRIPTION OF OCCURRENCE: In 1942 and 
1943 two small quarries were opened in sand- 
stone and conglomeratic beds near Indian 
Creek. Wedow (Unpublished report, Tenn. Val- 
ley Authority, 1943) delineated the zone in 
which these sandstones and associated con- 
glomerates occur and noted its apparent 
stratigraphic position between the Athens and 
Sevier. Since the mapping was done wave 
action removing much of the residual mantle 
along the shore line has uncovered outcrops 
that show more details of the structural com- 
plexities. 

In the area of the Indian Creek embayment 
the Tellico sandstones and conglomerates are 
repeated several times by folding and faulting. 
In cutting a gap through the ridge Indian 
Creek apparently followed a zone of weakness 
developed along a tear fault which strikes 
N. 10° W. This fault is indicated by divergent 
strikes and offsets of the strata (Fig. 6) 
Southwest of Indian Creek the average strike 


2—-CONGLOMERATES, FINCASTLE, SOUTH HOLSTON, AND GREENEVILLE AREAS 
FicurRE 1.—CoaRsSE CONGLOMERATE, FINCASTLE AREA 

Typical appearance of an unweathered surface. Note the general lack of contrast between the lime- 

stone and quartzite pebbles and the unweathered matrix. 
FiGuRE 2.—COARSE CONGLOMERATE, FIsHDAM CREEK, SouTH AREA 
Slightly weathered surface showing the contrast between the limestone pebbles and the matrix. 
FiGuRE 3.—CONGLOMERATE ExposurRE AT SoutH Horston Dam AGGREGATE QUARRY 
Moderately weathered outcrop showing poor sorting of pebbles and cobbles and faint traces of stratifica- 


tion. Length of scale is six inches. 


Figure 4.—Ovutcrop oF EXTREMELY COARSE CONGLOMERATE, GREENEVILLE AREA 
This outcrop near the center of the conglomerate lens shows a concentration of larger than average 
cobbles. Note, however, the adjacent pocket composed of much smaller pebbles at the bottom of the 


picture. 


FicurE 5.—PARTIALLY WEATHERED BOULDER OF STRATIFIED CONGLOMERATE, GREENEVILLE AREA 
Though poorly sorted, this outcrop shows more pronounced stratification than the average. The pro- 
truding dark chert pebbles indicate the amount of weathering. 
FIGURE 6.—CONGLOMERATE OuTcROop SHOWING RuDE SorTING, GREENEVILLE AREA 
This outcrop shows bands of rude sorting roughly parallel to the axis of the Brunton compass. Note 
concentration of cobbles at the bottom of the outcrop, overlain by a zone of smaller pebbles, which in 
turn is overlain by a zone of medium-sized pebbles, and finally another zone of cobbles in the upper right 


corner. 
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is N. 60° E.; to the northeast it is N. 40° E. 
Repetition by folding results in three outcrop 
belts of Tellico on both sides of the creek. 
Because of the offsetting the belts are not 
continuous from one side of the creek to the 
other. The folds are asymmetrical with south- 
eastward-dipping limbs. 

The Tellico in this area differs from that at 
other localities. It consists of 125 feet of inter- 
bedded sandstones and shales in which the 
basal sandstone beds contain scattered pebbles 
and cobbles of limestone and quartzite and 
small lenses of fine-grained conglomerate, 
normally less than 2 feet in length and less 
than 1 foot thick. Brachiopods occur in the 
fine-grained conglomerate lenses and sand- 
stone beds, and graptolites in the shale inter- 
beds. 

A fossil collection from the quarry on the 
right bank of Indian Creek was identified by 
G. Arthur Cooper of the U. S. National Mu- 
seum, (Personal communication), who reports: 


“The collection of brachiopods contained the 
following: 
Doleroides sp. 
Rostricellula sp. 
Eoplectodonta aff. E. Alternata (Butts) 
Pionodema sp. 
Opikina sp. 
‘Spyoceras’ sp. 

“The presence of Doleroides and Pionodema 
indicates a level at about Cooper’s Witten forma- 
tion. The presence of Eoplectodonta in this fauna 
may indicate a somewhat higher horizon but that 
genus might be expected anywhere in the sequence 
Pionodema on the other hand has not yet been 
found below the Witten. 


“T am unable to be very helpful with the grapto- 
lites which are not too well preserved. The lower 
zone abounds in Climacograptus and also a dendroid 
suggesting Desmograptus aft. D. textilis Ruedemann. 
The upper graptolite zone contained only Clima- 
cograptus. The species of Climacograptus are possible 
bicornis (Hall) and/or caudatus Lapworth. In any 
case the graptolites suggest a position fairly high 
in the early middle Ordovician and one that is in 
harmony with the brachiopods.” 


This deposit is interpreted as representing 
the northwest margin of more extensive coarse 
clastics deposited to the southeast; the main 
mass has been eroded or hidden by folding and 
faulting. Environmental conditions during 
the deposition of conglomerates would not be 
conducive to life or the preservation of remains. 
Only around the margins of such areas of 
deposition might traces of a fauna be expected. 
This marginal zone seems to be represented 
by the Douglas Reservoir deposit. 

The stratigraphic position of this deposit 
indicated by the faunal assemblage is some- 
what higher than the position indicated by 
lithologic relationships. The apparent dis- 
parity may be resolved by detailed structural 
studies in the area. This occurrence may 
represent a later orogenic pulsation than other 
deposits. 

LITHOLOGIC ANALYSIS: This deposit contains 
no typical beds of coarse conglomerate. Well- 
rounded pebbles and cobbles of limestone and 
quartzite up to a maximum dimension of 8 
inches are scattered throughout the coarse- 
grained basal sandstone beds (PI. 3, fig. 1). 
The sparseness and random scattering of these 


Pirate 3—CONGLOMERATES, DOUGLAS RESERVOIR, ETOWAH, AND CISCO AREAS 
FicurRE 1.—CONGLOMERATE ExPosuRE, DOUGLAS RESERVOIR AREA 
This outcrop of weathered conglomeratic sandstone is typical of the exposures at this locality. The 
majority of the limestone pebbles have been dissolved completely and are represented by small cavities in 


the sandstone. 


FIGURE 2.—INTERFINGERING OF CONGLOMERATE AND SANDSTONE, ErowAH AREA 
This exposure shows typical conditions near the margin of the lens. Length of scale is six inches. 
Ficure LimesTONE BOULDER IN CONGLOMERATE, ETOWAH AREA 
The six-inch scale lies on a rounded boulder of mottled limestone which is surrounded by the usual ill- 
sorted assemblage of smaller pebbles and cobbles. This outcrop is near the middle of the conglomerate 


lens. 


Ficure 4.—Fossmirerous LIMESTONE PEBBLE, ETOWAH AREA 
A silicified crinoid stem protrudes from the partially weathered limestone pebble. Note the angularity 


of the smallest limestone pebbles. 


Ficure 5.—TypicaL STRATIFIED CONGLOMERATE BOULDER, Cisco AREA 
This boulder shows the concentration of the pebbles parallel to the bedding, as well as the usual lack 


of sorting of the pebbles. 
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pebbles is further evidence of marginal de- 
position. 

The pebbles and cobbles are too few for a 
reliable statistical count of the rock types. 
The quartzites are typical of the basal Cam- 
brian Chilhowee group. Some larger limestone 
pebbles, aphanitic, light gray, and _fossil- 
iferous, correspond in lithology to the Mosheim 
member of the Lenoir in this area. In the 
fine-grained conglomerate lenses the majority 
of the pebbles are well rounded limestone with 
a minor admixture of subangular vein-quartz 
fragments. In these lenses the pebbles are 
too small to permit identification of the source 
rocks. 


Etowah Area 


LOCATION AND GEOLOGIC SETTING: Near the 
southwestern end of the Bays Mountain 
syncline, about 85 miles southwest of the 
Douglas Reservoir locality and 6 miles east 
of Etowah, Tennessee, is the fifth area where 
coarse conglomerates of Middle Ordovician 
age have been found (Pl. 1). At two localities 
near Mecca on the Etowah-Tellico Plains road 
lenses of coarse conglomerate are interbedded 
with calcareous shales and sandstones near 
the base of the Tellico formation (Fig. 7). 
In this area the Athens shale and Tellico 
formation crop out in a broad syncline whose 
southeast flank is overridden by the Great 
Smoky fault block. Most of the outcrop area 
is underlain by the Athens shale, apparently 
more than 4000 feet thick, in which beds of 
sandstone and conglomerate represent the 
Tellico. 

DESCRIPTION OF OCCURRENCES: The first 
locality where conglomerate beds are exposed 
is 31g miles east of Etowah along the Etowah- 
Tellico Plains road, 1400 feet west of the first 
crossing of Conasauga Creek. The second 
locality is 214 miles farther northeast along 
the same road, one-tenth of a mile west of the 
McMinn County-Monroe County line (Fig. 7). 

The westernmost deposit occurs in a 400- 
foot cut along the north side of the road west 
of the Conasauga Creek crossing. Three 
hundred feet of shales and sandstones con- 
taining two conglomerate beds are exposed in 
a cut at the base of a prominent ridge. The 
average strike of the strata is N. 70° E. and 


the average dip is 70° NW. The lower 209 
feet of the section is fissile, calcareous shale. 
Succeeding this is a zone 25 feet thick of 
medium- to thick-bedded calcareous argillite 
and sandstone in which the conglomerates 
occur. The upper 75 feet is fissile, calcareous 
shale similar to that in the lower portion, 
Residual mantle on adjacent slopes and the 
terrace and alluvial cover on the flood plain 
of Conasauga Creek obscure other possible 
outcrops. In the thicker-bedded middle por- 
tion of the section two conglomerate beds 
occur. The lower bed, 5 feet thick, contains 
limestone pebbles and cobbles in an argil- 
laceous matrix; the second bed, 2 feet thick 
and 10 feet higher in the section, contains 
limestone pebbles in a sandy matrix. 

In the lower conglomerate bed brachiopods, 
bryozoa, and crinoid and trilobite fragments 
occur in the matrix. A small collection of these 
fossils was submitted to the U. S. Geological 
Survey. The report by Robert B. Neuman of 
the Survey Staff (Personal communication) 
states: 


“The following identifications were made from 
this collection: 
Brachiopods: 
Multicostella sp. 
Sowerbyella negrita (Willard) 
Strophomena sp. 
Bryozoan: 
Rhinidictya sp. 

“In addition there are fragmental, unidentifiable 
remains of isotelid trilobites, crinoids and an 
ostracode. 

“Positive correlation cannot be made on this 
small and fragmental collection. The forms identi- 
fied, however, are known from the Tellico formation 
between the Little Tennessee River and the Chap- 
man Highway.” 


The area mentioned by Neuman includes the 
outcrop belt of the Tellico formation southeast 
of Knoxville, Tennessee, from which the 
formation was originally described by Keith 
(1895). 

In this deposit, as in the Douglas Reservoir 
deposit, the pebbles make up less than 30 
per cent of the total rock mass; in other more 
typical deposits the pebbles make up from 
70 to 80 or more per cent of the total. The 
decrease in the volume of the pebbles and the 
presence of fossils seem indicative of deposi- 
tion around the periphery of a more typical 
deposit. 
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The second locality in this area is 214 miles 
farther to the northeast along the Etowah- 
Tellico Plains road one-tenth of a mile west 
of the McMinn County-Monroe County line 
(Fig. 7). From all indications the beds exposed 
here are about 1500 feet lower stratigraphically 
than the deposit at the first locality. These 
conglomerates have been traced by discon- 
tinuous outcrops for more than half a mile 
along the strike (N. 60° E.). The average 
dip is 30° NW. Near the southwest end of the 
outcrop area sandstone containing a few 
beds of conglomerate less than 2 feet thick 
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is exposed in road cuts and in an old road- 
metal quarry on the left bank of Conasauga 
Creek. Farther northeast along the road and 
about 250 feet lower stratigraphically the 
main conglomerate crops out. The lens is 75 
feet thick at the road and is made up of con- 
glomerate with thin sandstone partings (Pl. 3, 
fig. 2). Farther northeast and southwest the 
amount of sandstone increases at the expense 
of the conglomerate until finally there are no 
conglomerate beds. 

LITHOLOGIC ANALYSIS: The coarse fraction 
of the conglomerate at both localities in the 
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Etowah area is dominantly limestone pebbles 
and cobbles with minor admixtures of quartzite, 
sandstone, siltstone, chert, and vein quartz. 
At the first locality the pebbles and cobbles 
are too sparsely scattered for a reliable sta- 
tistical count of the rock types. At the second 
locality the pebbles and cobbles average more 
than 80 per cent of the total mass. A lithologic 
count of 926 pebbles on exposures of con- 
glomerate at the second locality showed the 
following percentages of rock types: 


Rock type Per cent 
1.5 
100.0 


The pebbles and cobbles range from 10 
inches in greatest dimension to less than one- 
quarter of an inch (PI. 3, fig. 3). The materials 
in the deposit are poorly sorted. In most 
exposures the matrix is a medium-grained, 
slightly calcareous, quartzose sandstone. How- 
ever, in one bed the pebbles and cobbles are 
embedded in an argillaceous matrix. 

The source rocks of some fragments can 
be determined. In the limestone fraction the 
most distinctive are the fossiliferous pebbles 
from the Lenoir (Pl. 3, fig. 4) and the coarsely 
crystalline, clastic limestones called marble 
in the southern Appalachian region. In addi- 
tion there are sandy limestones and odlitic 
limestones typical of the Knox and intra- 
formational conglomerates similar to those 
found in the Conasauga. The quartzites ap- 
parently were derived from the Great Smoky 
formation or other parts of the Ocoee group 
and from the quartzites of the Chilhowee 
group. Red and green fine-grained sandstones 
similar to those in the Rome are scattered 
throughout the deposit. Some of the tan to 
brown siltstones apparently were derived 
from the Conasauga or Rome formations, 
and the gray banded siltstones are typical 
of the finer-grained members of the Ocoee 
group such as the Pigeon siltstone member. 


Cisco Area 


LOCATION AND GEOLOGIC SETTING: The 
southwesternmost point at which Middle 
Ordovician coarse conglomerate deposits have 
been found is in Georgia, along State Highway 
2, half a mile southeast of Cisco. This js 
about 33 miles southwest of the Etowah area 
(Pl. 1). 

A syncline containing Middle Ordovician 
rocks extends from just south of the Hiwassee 
River in Tennessee 28 miles southwestward 
into Georgia. Thrust faults define the south- 
eastern margin of this outcrop belt. In the 
central section the major overthrust marking 
the Blue Ridge Front is the southeastern limit 
of the belt for 8 miles. To the northeast and 
southwest the southeastern boundary is marked 
by thrusts which are subsidiary to the major 
thrust. 

No accurate measurements of the thickness 
of Middle Ordovician rocks have been made 
in this area. Hayes (1895) gives a thickness 
of 2500 feet for the northern part of the belt 
in Tennessee, and Butts estimates 3500 feet 
for the southern part in Georgia (Butts and 
Gildersleeve, 1948, p. 29). 

DESCRIPTION OF OCCURRENCE: In the Cisco 
area coarse conglomerate crops out as a single 
lens for about 1000 feet along the strike. 
The best exposure is at the northeastern end 
of the lens where the maximum 25-foot thick- 
ness is exposed in a bluff above the road on 
the southwest side of a small stream (Fig. 8). 
Northeast of the stream the conglomerate is 
absent, and the sequence is interbedded sand- 
stone and shale. The conglomerate lens is 
traceable by discontinuous outcrops about 
1000 feet along the strike (S. 35° W.) until it 
finally feathers out into sandstones and shales. 

Except for the exposure at the northeastern 
end of the lens, rock outcrops are scarce in the 
area. On the basis of the limited information 
available the outcrop belt underlain by the 
sandstones and shales of the Tellico is about 
3500 feet wide. The rocks strike N. 35° E. 
and apparently have a uniform dip of 35° SE. 
There is no indication of minor folding. To 
the northwest the Tellico conformably overlies 
the sandy, calcareous Athens shale; to the 
southeast it is overridden along most of its 
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outcrop by the major thrust sheet marking 
the northwestern boundary of the Blue Ridge 
Front (Fig. 8). As calculated from the dip 
the Tellico is 2000 feet thick. The structure of 
the exposed portion of the belt is interpreted as 
the northwest limb of a syncline, the southeast 
limb of which has been overridden by the 
thrust sheet. The conglomerate lens occurs 
near the middle of the Tellico formation and 
is not a basal conglomerate as stated by 
Butts (Butts and Gildersleeve, 1948, p. 29). 

A unique feature of this deposit is the 
dominant red color of the matrix and of the 
overlying and underlying beds when un- 
weathered. At the other localities the un- 
weathered conglomerates and associated sand- 
stones and shales are gray or greenish gray. 

LITHOLOGIC ANALYSIS: A statistical count of 
rock types of 848 pebbles seen on the out- 
crop surfaces and in small samples showed the 
following percentages: 


Rock type Per cent 
10.2 


The pebble size at this locality ranges from 
4 inches to one-eighth of an inch, and the 
average size is 114 inches (Pl. 3, fig. 5). The 
matrix is a red, slightly calcareous, quartzose, 
medium-grained sandstone which makes up 
from 30 to 50 per cent of the rock. 

Some of the source formations can be deter- 
mined. In the limestone fraction, pebbles of 
aphanitic light-gray limestone typical of the 
eastern belts of the Knox are prevalent; the 
odlitic limestone pebbles could have been 
derived either from the Knox or from lime- 
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stone beds in the Conasauga. The green and 
gray, fine-grained sandstones are identical 
to those in the Rome. There are numerous 
fragments of reddish-brown, fine- to medium- 
grained sandstone which are generally larger 
than the average pebbles and less rounded. 
These seemingly were derived from the lower 
beds of the Tellico in the immediate area. 
A few quartzite pebbles are white to light gray, 
medium-grained, and vitreous like those in 
the Chilhowee group and in the Weisner 
quartzite. The majority of the quartzite 
pebbles, however, are dark gray, arkosic, and 
conglomeratic, similar to those in the Ocoee 
series. The chert is the jasperoid variety 
typical of that associated with the Shady 
dolomite. 

This is the only deposit in which dolomite or 
dolomitic limestone pebbles were noted. In 
one outcrop pebbles of bluish-gray, medium- 
grained slightly banded and mottled dolomite 
are sparsely scattered through the exposure. 
These dolomite pebbles more nearly resemble 
the dolomites in the Shady in this area than 
those in the Knox, and presumably the Shady 
is the source formation. 


OTHER PossIBLE LOCALITIES 


The writers do not presume that all Middle 
Ordovician coarse conglomerates in the southern 
Appalachian Valley have been found and 
studied. Some potentially favorable areas 
examined showed negative results; others have 
not been visited. Studies indicate that the 
coarse conglomerates are likely to occur only 
on the major thrust sheet immediately north- 
west of the Blue Ridge Front; therefore north- 
east of 36° N. Lat., 83° W. Long. the po- 
tentialities are limited to the Pulaski thrust 
sheet, southwest of this point to the Saltville 
thrust sheet. 


ComMON CHARACTERISTICS OF DEPOSITS 


All the conglomerates studied have certain 
features which, despite the wide areal dis- 
tribution, indicate a common mode of origin. 

The most apparent features are the lenticular 
nature and the limited areal extent of each 
deposit. The largest lens of conglomerate 
studied has a maximum thickness of 75 feet 


and a maximum length of 800 yards. More 
typically the deposits are composed of 1-10 
conglomerate lenses that range from 1 to 30 
feet in thickness and from 10 to 100 yards in 
length interbedded with sandstone and sandy 
shale. 

There is considerable variation in the 
stratigraphic position of the conglomerate 
lenses in the Middle Ordovician section, 
Only at one locality is conglomerate the basal 
Tellico unit resting directly on the Athens 
shale (Fig. 3). The maximum interval measured 
between a conglomerate lens and the Athens- 
Tellico contact is 1500 feet. Several other 
deposits appear to be higher in the section, 
but the geologic structure in those areas 
is so complicated that accurate measurements 
of position are not possible. 

Another characteristic common to ll 
conglomerate lenses studied is the poor sorting 
of the pebbles and cobbles. Commonly cobbles 
6-8 inches long are found surrounded by 
pebbles whose maximum size is half an inch. 
In some places cobbles 4-12 inches in maximum 
dimension are sparsely scattered through beds 
of medium-grained sandstone devoid of 
smaller cobbles and pebbles. 

A marked similarity is evident in the degree 
of rounding exhibited by the pebbles and 
cobbles in the conglomerate deposits. Among 
cobbles larger than 3 inches the quartzites are 
well rounded, and the limestones, sandstones, 
and siltstones are rounded to subrounded. 
Of the smallest pebbles, less than half an inch 
in maximum dimension, the quartzite and 
vein-quartz fragments are subrounded, and the 
limestone fragments are subangular. In the 
intermediate sizes the quartzite and vein- 
quartz pebbles are generally well rounded, and 
the limestone pebbles are subrounded to 
tabular. 

The percentages of rock types represented 
further indicate the common origin of the 
deposits. In all conglomerates studied the per- 
centage of limestone pebbles was higher than 
the percentage of any other rock type. Ex- 
cept for the Fincastle deposit, limestone 
makes up about 80 per cent of the pebbles and 
cobbles; quartzite is the next most prevalent 
rock type; then chert, sandstone, siltstone, and 
vein quartz. In the Fincastle deposit, limestone 
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and quartzite are first and second, then vein 
quartz, sandstone, chert, and siltstone. 

All exposures of conglomerates examined are 
cut by two sets of filled veinlets which ap- 
parently represent two generations of joints. 
In one group the veinlets are confined to in- 
dividual pebbles. These are generally quartz- 
filled and obviously developed in the source rock 
prior to the erosion, transport, and redepo- 
sition. The second group of veinlets, usually 
calcite-filled, transect the pebbles and matrix 
indiscriminately and obviously have been 
formed since the deposition and lithification of 
the conglomerate. 


CONCLUSIONS 


During this investigation many questions 
arose which cannot be answered. Much de- 
tailed work must be done before the relation- 
ships of the Middle Ordovician rocks in this 
region are known fully, but the results of this 
study lead to certain conclusions. 

Four of the six areas are adjacent to the 
overthrust marking the northwestern boundary 
of the Blue Ridge Front. The other two areas 
are on the first fault sheet northwest of the 
Front. The Fincastle, South Holston, and 
Greeneville deposits are on the Pulaski thrust 
sheet, and the Douglas, Etowah, and Cisco 
deposits are on the Saltville thrust sheet, 
which in northeastern Tennessee and south- 
western Virginia is overridden on the southeast 
by the Pulaski thrust. The geologic relation- 
ships in the area east of Newport, Tennessee, 
where the Pulaski fault approaches the moun- 
tain front (Pl. 1) have not been worked out in 
detail. Rodgers (1953, p. 138-139) initimates 
that the Pulaski fault sheet has been over- 
ridden and hidden by the Great Smoky fault 
sheet and may reappear at points farther south- 
west. If this is correct, the deposits of con- 
glomerate southwest of Newport would prob- 
ably be concealed under the Great Smoky fault 
sheet. This is not found to be true. It seems 
more probable that the Pulaski fault dies out 
in the wide shale belt near Newport, Tennessee, 
and from there southwestward the Saltville 
thrust sheet is the most southeasterly of the 
major thrust sheets of the Valley and Ridge 
Province. 


Dolomite and dolomitic limestone fragments 
were found only in one conglomerate body. 
All calcareous fragments counted were tested 
with weak hydrochloric acid and all effervesced 
freely, even though many had megascopic 
characteristics typical of dolomites from 
formations in the region. Previous work in the 
southern Appalachian Valley (Butts, 1940; 
King et al., 1944; Rodgers, 1953) shows that 
the Knox group becomes less dolomitic to the 
north and east and that the Middle Cambrian 
formations represented by the Conasauga, 
Honaker, and Elbrook become more dolomitic 
to the north and east. The Lower Cambrian 
Shady dolomite is predominantly dolomitic. 
On this basis dolomite and dolomitic limestone 
pebbles and cobbles should be abundant in all 
conglomerate exposures. A likely explanation 
is that the calcareous fragments were derived 
from limestone portions of these formations in 
an area farther east now overridden and con- 
cealed by the thrust sheets of the Blue Ridge 
Province. 

It is evident that the Lower Cambrian 
clastics were altered from sandstone to vitreous 
quartzite prior to their erosion and the re- 
deposition of fragments in the conglomerate 
lenses. Also the Cambrian and Lower Ordo- 
vician limestones were thoroughly indurated 
and had been subjected to some structural 
deformation prior to inclusion of their frag- 
ments in the conglomerates. This is evidenced 
by the quartz- and calcite-filled veinlets in the 
pebbles and cobbles. These veinlets are limited 
to individual pebbles and cobbles and do not 
extend into the surrounding matrix. 

The decrease in the quantity and the grain 
size of coarse clastic material from the south- 
east to the northwest indicates that the source 
area of the conglomerates lay to the southeast. 

Comparison of the rounding of the pebbles 
and cobbles of different rock types indicates 
the relative positions of the source formations 
during the period of erosional activity. The 
fragments derived from the older rocks, 
dominantly quartzite and vein quartz, are 
invariably more rounded than those of com- 
parable size derived from the younger forma- 
tions, mostly limestone, sandstone, and silt- 
stone. This indicates a longer travel distance 
for the fragments derived from the older forma- 
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tions and supports the conclusion that these 
formations were exposed farther southeast. 

Chemical analyses and petrographic studies 
show that the composition of the coarse con- 
glomerate deposits does not differ radically 
from that of surrounding and accompanying 
sandstones and shales. Sandstones and shales 
from the South Holston and Douglas Reservoir 
areas are relatively calcite-rich—the average of 
five sandstone samples shows 32 per cent 
CaCO;, and the average of six shale samples 
shows 26 per cent CaCO. The silica content of 
these samples is respectively 52 and 48 per 
cent. Petrographic studies by W. B. Hamilton 
of the U. S. Geological Survey (Personal 
communication) indicate that the matrix of the 
conglomerates from the South Holston area 
and the associated sandstones are almost 
identical. Both consist dominantly of quartz 
sand and sand-sized limestone fragments em- 
bedded in calcite, chlorite, sericite, and argil- 
laceous material. On the basis of the chemical 
and physical data it is concluded that the 
conglomerates are extreme textural variants of 
the sediments in which they occur. 

The conglomerates occur in widely separated 
areas at approximately the same stratigraphic 
position. In intervening areas the clastic rocks 
of the same age are fine-grained sandstones and 
shales. The areas containing conglomerate 
deposits are interpreted as representing points 
where streams draining recently uplifted 
highlands to the southeast discharged into the 
sea. Possibly these deposits were first laid 
down near the shore, later moved down slope, 
and redeposited on the floor of the trough of 
deposition. 

The occurrence of conglomerate deposits at 
about the same stratigraphic position over a 
325-mile distance is further evidence of the 
orogenic disturbance which affected this 
region in the Middle Ordovician. This orogeny, 
called the Blountian by Kay (1942, p. 1632) and 
the Blountian phase of the Taconian orogeny 
by Rodgers (1953, p. 94), apparently started in 
Chazy time and culminated in early Trenton 
time (Rodgers, 1953). The deposition of the 


conglomerates represents pulsations of this 
orogenic movement. 
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HEMPHILLIAN MAMMALIAN ASSEMBLAGE FROM NORTHEASTERN 
OREGON 


By J. ARNOLD SHOTWELL 


ABSTRACT 


The Hemphillian McKay Reservoir, Oregon, local fauna is correlated with the Paote 
and Ertemte faunas of North China and Montpellier fauna of France. Study of these 
faunas shows an important North China-North America faunal interchange. The highest 
degree of interchange is among the carnivores, and the lowest in the edentates, primates, 
and artiodactyls. Several mammals fail to migrate successfully at this time because of 
the presence of ecologically equivalent mammals in the new area. 

The local habitat of the major community represented at McKay Reservoir is that of 
a pond-bank association. Grassland and woodland elements from bordering communities 
are also recognized. New genera described are: Hydroscapheus, Prosomys, and Leptodon- 
tomys. New species described are: Citellus (Otospermophilus) wilsoni, Ochotona spangelei, 
Hypolagus oregonensis, Citellus (Citellus) mckayensis, Perognathus sargenti, Canis condoni, 
Felis longignathus, and Prosthennops brachirostris. 
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From 1949 to 1953 a vertebrate fauna was 
collected from sediments exposed by wave ero- 
sion on the east bank of McKay Reservoir 
(McKi), 5 miles south of Pendleton in northeast 
Oregon. Mr. Ray Spangle of Pendleton dis- 
covered the site in 1949, and field parties from 
the Museum of Natural History of the Univer- 
sity of Oregon are still working there. 

Some taxonomic groups represented at this 
locality were not previously known in Hemp- 
hillian faunas of North America. The McKay 
Reservoir locality is the Hemphillian site 
nearest the Eurasia-North America bridge. 
Several forms in the fauna are congeneric with 


voir fauna provides a basis for study of in- 
tercontinental correlation, faunal resemblance, 
direction of migration, and factors preventing 
migration. 
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OccURRENCE 


The specimens occur in a tuffaceous sand- 
stone and overlying conglomerate which rest on 
Columbia River basalt. In much of their distri- 
bution the beds are covered by younger silts. 
At McKay Reservoir the sandstone is at least 
200 feet thick (the base is below water level), 
and the conglomerate is 3-5 feet thick. At 
other places the conglomerate is thicker, and 
the sandstone much thinner. This unnamed 
and undescribed lithologic unit may represent 
part of the Shutler formation. 

Although some vertebrate specimens were 
collected from the conglomerate, most came 
from the upper 10-15 feet of the sandstone. The 
lower part of the section is apparently barren. 
The uppermost sandstone beds are fine-grained 
and tend to be platy or fissile. They are dark 
gray to black when wet. A coarser-grained 
brown bed just below these gray-black members 
yielded the majority of the specimens. 

Few specimens showed signs of abrasion. 
Most small specimens are well preserved, but 
some large ones, especially near the surface, were 
weathered by frost cracking, wetting, and 
drying. Temperature at the site ranges from 
—30°F to over 110°F, and the site is often 
under water from 3 to 4 months each year. 

To date only one articulated skeleton has 
been found in the deposit, a large portion of the 
skeleton of a ground squirrel. Apparently the 
deposit is a normal accumulation in a depres- 
sion. Lack of abrasion of bones and the type of 
enclosing sediment suggest that the fossils were 
not transported a great distance. 


FIELD TECHNIQUE 


A 500-foot offset grid system was used to 
show the exact position of specimens. Care was 
taken to collect all fragments and float. 

Several small pits started were discontinued, 
and work was concentrated on pit 270. Small 
blocks of sandstone are removed with 1-inch 
steel chisels and 2-pound sledges. When wet, 


the blocks are easily broken by hand. Contrast- 
ing colors of bone and rock allow high percent- 
age of recovery of small specimens. In order 
that the fauna could be studied quantitatively, 
all specimens and fragments were retained. 


Faunat List 
Arthropoda 
Crustacea 
crayfish 
Chordata 
Amphibia 
ranid 
Reptilia 
Testudinata 
Aves 
Anatidae 
Tetraonidae 
Mammalia 
Insectivora 
Scapanus sp. 
Hydroscapheus americanus n. gen., n. sp. 
Chiroptera 
Family indeterminate 
Lagomorpha 
Ochotona spangelei n. sp. 
Hypolagus oregonensis n. sp. 
Rodentia 
Liodontia sp. 
Mylagaulus sp. 
Marmota oregonensis n. sp. 
Citellus (Otospermophilus) wilsoni n. sp. 
Citellus (Citellus) mckayensis n. sp. 
Pliosaccomys dubius Wilson 
Perognathus sargenti n. sp. 
Leptodontomys oregonensis n. gen., Nn. Sp. 
Dipoides smithi Shotwell 
Castor sp. 
Prosomys mimmus Nn. gen., n. sp. 
Pliozapus solus Wilson 
Carnivora 
Canis condoni n. sp. 
Osteoborus sp. 
Plesiogulo sp. 
Pliotaxidea sp. 
Felis longignathus n. sp. 
Machairodus sp. 
Proboscidea 
?Family Mammutidae 
Perissodactyla 
Hipparion sp. 
?Neohipparion sp. 
Teleoceras sp. 
Artiodactyla 
Prosthennops brachirostris n. sp. 
Procamelus or Pliauchenia sp. 
Paracamelus sp. 
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AGE AND CORRELATION 


The McKay Reservoir fauna is Hemphillian, 
as defined by Wood et al. (1941). This is indi- 
cated by the presence of Dipoides and Plesio- 


TaBLE 1.—GENERA OF MAMMALS COMMON TO 
America, NorTH CHINA, AND EUROPE 
IN THE HEMPHILLIAN 


North 


North America China Europe 
Dipoides |X |X 
Plesiogulo 


gulo. In North America the first appearance of 
Machairodus and the last appearance of Osteo- 
borus, Prosthennops, and Teleoceras are in the 
Hemphillian faunas. Genera common but not 
restricted to Hemphillian faunas, such as 
Hypolagus and Neohipparion, also appear at 
McKay Reservoir. 

The subage relation of the McKay Reservoir 
fauna to other Hemphillian faunas is difficult to 
determine. Criteria for correlation below the 
level of provincial age are unavailable; the 
stage of evolution of various species is often 
used, but superpositional occurrences of these 
species are inadequate for reliable correlation. 
Error may result where this method is applied 
to faunas that occur in different environmental 
provinces. Small specific differences attributed 
to age may be ecological. Temporal value of 
Stage of evolution is uncertain at the species 
level where superpositional occurrence cannot 
be demonstrated. Remarks on the relative posi- 
tion of various Hemphillian faunas seem unjus- 
tified or at least highly subjective. 

Many genera in the McKay Reservoir fauna 
and other North American Hemphillian faunas 
occur also in Eurasia (Table 1). It is assumed in 


this study that faunas containing an association 
of many of these genera, especially those with 
restricted ranges, are broadly age equivalents. 
The level of refinement in correlation then is of 
age magnitude. 

North China faunas which would be con- 
sidered equivalents within the limits of an age 
include the Paote (loc. 30, especially) and 
Ertemte. Teilhard and Leroy (1942) refer to 
the Paote as Pontian (stage) and the Ertemte 
as middle Pliocene. Interpretation of the vari- 
ous North China assemblages is complicated 
because they were studied as taxonomic groups, 
not faunas; hence various taxonomic groups in 
a fauna may have anomalous age determina- 
tions. Pontian and middle Pliocene forms have 
been identified from the same fauna. Some 
difficulty here may be the differences in groups 
represented in these faunas; for instance, Er- 
temte has a large well-known rodent, Insectiv- 
ora, chiropteran, and small carnivore represen- 
tation, whereas Paote contains almost entirely 
the large herbivorous forms. Kurtén (1952) 
equates Paote and Ertemte, which is also the 
conclusion of this study. 

A European fauna, Montpellier, contains 
Dipoides and Plesiogulo, genera which typify 
the Hemphillian in North America. Montpellier 
is referred to Plaisancian by most European 
workers. Another European fauna, Pikermi, 
contains both Hipparion and Machairodus, two 
genera found in the Hemphillian of North 
America. These genera were apparently long- 
lived in Eurasia and are of little value in inter- 
continental correlation. With criteria used here 
it is difficult to show the relationship of the 
Pikermi fauna to North American faunas. 
However, many genera occurring at Pikermi 
(Pontian) occur also at Paote, and on this basis 
the Paote and the Pikermi have been correlated. 
Faunas referred to Pontian or Plaisancian are 
equated to the same fauna, Paote. This may 
indicate some overlap in the Pontian and 
Plaisancian time. Paleontologists are dependent 
on European workers for the proper application 
of stratigraphic control in assigning faunas to 
European type sections. 

Until stratigraphic positions of European 
faunas are better established, it is possible only 
to correlate with faunas and await their assign- 
ment into the type sections. Apparently North 
American Hemphillian is broadly equivalent in 
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TABLE 2.—CONTEMPORARY SUBFAMILIES AND TaBLe 2.—CoNTINUED 
GENERA OF NorTH CHINA AND NoRTH 
AMERICAN MAmMALs DurRING 2 
HEMPHILLIAN 
Classification North America North China [5 3 
2 
Classification | North America| North China == 
8 = Carnivora 
ols Vulpes Vulpes 
lad o Amphicyoninae | ............ Amphicyon 
Simocyoninae | ............ Simocyon 
Erinaceus Agriotherium | Agriotherium x 
Neomys Indarctos Indarctos 
Desmaninae Hydroscapheus | .............. Procyoninae Bassariscus 
Crocidura Mustelinae Plesiogulo Plesiogulo x 
Lagomorpha Martes Martes 
Ochotonidae Ochotona Ochotona Sinictis 
Edentata Mellivorinae Eomellivora Eomellivora 
Leptodontomys .............. Mephitinae (| ............ Promephitis 
Prodipedemys Felinae Felis Felis x 
Heteromyinae Machairodontinae | Machairodus Machairodus x 
Castorinae Castor Castor Proboscidia 
Palaeomys Gomphotherinae | ............ | Serridentinus 
Castoroidinae Dipoides Dipoides xX|X Tetralophodon | Tetralophodon 
Pseudomeriomes |..\X Stegodontinae | Stegolophodon 
Cricetulus Perissodactyla 
Microtodon Equinae Hipparion Hipparion 
Nannocricetus Neohipparion 
Sinoericetus Nannippus 
Goniodontomys .............. Caenopinae Aphelops 
Rhyzomyidae | ............ Pararhyzomys Teleoceratinae Teleoceras 
Progonomys Dicerorhininae | ............ Dicerorhinus 
Parapodemus Artiodactyla 
Stephanomys Suidae Chleuastochoerus |..|.- 
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|| Common Subfamily 
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TaBLE 2.—CONTINUED 


= 
Classification North America || North China [5 3 
Axis 
Odocoileinae || ............ Procapreolus 
Paleomerycinae || Pedioceryx || .............. 


Dromomerycinae |} Cranioceras 
Palaeotraginae | 


Palaeotragus 


Samotherium 
Antilocaprinae 
Sphenophalos || .............. 
Hippotraginae || ............ Paraprotoryx 
?Protoryx 
Sinotragus 
Tragoceras 
Antilopinne || ............ Gazella 
Urmatherium 


age to such European faunas as that represented 
at Montpellier and to North China faunas 
characterized by Paote and Ertemte. 


INTERCONTINENTAL FAUNAL RELATIONSHIPS 


Table 2 lists the orders, subfamilies, and 
genera of mammals known from the North 
American Hemphillian and North China de- 
posits of equivalent age. Undoubtedly there are 
omissions from the lists, and some items may 
appear in error, although care was taken to 
avoid this. The data on North China faunas are 
based largely on Teilhard and Leroy (1942). 
Genera and subfamilies which occur on both 
continents are indicated. The appearance of a 
genus in the faunas of two continents indicates 
migration between those two continents. 

Table 2 lists genera coramon to the faunas of 
North America and North China during the 
Hemphillian. The relative importance of this 
migration can be seen only by comparison with 
faunal interchanges of other periods. Simpson 
(1947) studied the faunal interchanges of the 
Cenozoic and shows that interchange was 
greater in Middle than in the Early Pliocene 
but not so great as in the Pleistocene. As shown 


by Simpson the most important interchanges 
are those of the early Cenozoic. 

It is of interest to note which mammals mi- 
grate and what factors allow or impede migra- 
tion at a particular time. Data in Table 2 are 


TABLE 3.—NUMBER OF GENERA OF MAMMALS IN 
Nortu CHINA AND NortH AMERICA AND Com- 
MON TO BotHu CONTINENTS IN HEMPHILLIAN 


Order 
_ Insectivores 2 + 0 
Lagomorphs 4 1 1 
Primates 0 1 0 
Edentates 1 0 0 
Rodents 20 21 2 
Carnivores 19 23 9 
Proboscidians 3 5 Zz 
Perissodactyls 6 4 1 
Artiodactyls 11 14 0 


presented graphically in Figure 1 to show the 
proportional amount of migration within vari- 
ous orders of mammals during the Hemphillian. 
The heavy bar through the middle of the illus- 
tration represents the area of interchange be- 
tween North China and North America; breaks 
in this bar indicate migration. The size of the 
break is proportional to the number of genera 
of the order noted found on both continents in 
the Hemphillian. The cross-hatched areas indi- 
cate the additional proportion of families of 
each order found on both continents. Primates 
and Edentata do not appear on the illustration 
since they have no Hemphillian taxonomic 
categories common to the two continents. 
Figure 1 shows that the proportion of genera 
involved in migration varies greatly from order 
to order—a high proportion of Carnivora 
genera migrated in the Hemphillian, while no 
Artiodactyla genera did. Some orders have 
families but no genera, or a greater proportion of 
families than genera, common to the two 
regions. This apparently represents migration, 
subsequent isolation, and independent evolution 
or extinction of the genera once common to the 
two continents. 

Several major factors may affect the success 
of migration in a particular taxonomic group: 
(1) the topographic conditions of the inter- 
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change area may be such that only particularly 
adapted mammals can make the move, (2) the 
climatic conditions of the interchange area may 


beavers, and horses intermigrate. Simpson 
(1947) emphasized the effect of climatic condi- 
tions of the interchange area in that “warm 


INSECTIVORES 
LAGOMORPHS 
RODENTS 
=} 
CARNIVORES 
PROBOSCIDIANS 
PERISSODACTYLS 
ARTIODACTYLS //) 


FIGURE 1.—PROPORTION OF TOTAL GENERA OF MAMMALS IN FAUNAL EXCHANGE IN THE HEMPHILLIAN 
Shaded areas represent proportion of families found in common to the two areas. 


be such that mammals adapted for other situa- 
tions and thus not living adjacent to the area of 
interchange could not make use of it, and (3) 
the invader may find mammals of similar 
habitat and niche requirements already living 
in the new area and thus cannot establish 
himself. 

It is unlikely that any one of these factors can 
explain all instances of nonmigration at a par- 
ticular interval. However, one may be more 
important at one interval. In the Hemphillian, 
topographic conditions of the interchange area 
apparently are unimportant since such di- 
versely adapted forms as mastodonts, pikas, 


adapted forms” are prevented from using a cool 
area of interchange. This undoubtedly is im- 
portant in the restriction of some mammals. 
However, examination of the faunas of the two 
regions indicates that competition of similarly 
adapted mammals for a particular niche is a 
more important factor in the Hemphillian. 

In the classification of mammals, members of 
a superfamily are usually similarly adapted 
except where isolation results in local adaptive 
radiation (hystricomorphs in South America). 
Families of mammals in North America and 
North China during the Hemphillian are shown 
in Figure 2; families are grouped in superfami- 
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lies and orders. In groups which experienced 
interchange, families are the same on both con- 
tinents and appear as continuous bars across 
the chart. Of particular interest are the families 


Hyaenidae of the Feloidea were not present in 
North America in Hemphillian; however, hy- 
aenoid dogs were abundant. 

None of the Geomyoidea (gophers, pocket 


CAMELS 
CERVOIDS 


GIRAFFOIDS 


BOvOIDS 


FicurE 2.—DIsTRIBUTION OF FAMILIES GROUPED 
BY SUPERFAMILIES IN THE HEMPHILLIAN IN 
Norta CHINA AND NortH AMERICA 


of orders and superfamilies which had little 
interchange, the artiodactyls for instance. The 
families of various superfamilies of artiodactyls 
balance each other in checkerboard fashion on 
the chart. The pigs of North China are matched 
by the peccaries of North America. The giraf- 
foids and a family of bovoids of North China 
are matched by the camels and another family 
of bovoids in North America. At the subfamily 
level the pairing of groups of nonmigrants be- 
comes even more striking. None of the five sub- 
families of rhinos on the two continents during 
the Hemphillian migrated. Two of the families 
are North American, and three are found in 
North China. 

The carnivores had a high interchange. The 


NORTH AMERICA NORTH CHINA | EURASIA NORTH AMERICA 
wl CASTOR CASTOR 
SORICOIDS 4, CASTOROWES 
Ze OCHOTONA —POCHOTONA 
| | if 
APLODONTOIDS OCHOT ONA——POCHOTONA 
SCIUROIDS 
CASTOR —CASTOR 
GEOMYOIDS 4 
AIR 
CaSTOROIDS i MACHAIRODUS 
| 
DIPOIDES DIPOIDES 
MUROIDS 
pIPODOIDS I 
CARNIVORES 
T 
EUCASTOR 
j 
| 
FELOIDS HIPPARION<—1_— HIPPARION 
MACHAIRODUS 
PROBOSC! DIANS | 
PERISSODACTYLS 
5 MERYCHIPPUS 
RHINOCEROTOIDS 2 MONOSAUL AX 
ARTIODACTYLS 
suoins 


FicurRE 3.—TmmeE AND DIRECTION OF MIGRATION 
OF SEVERAL LATE CENOZOIC 
MAMMALS 


mice, and kangaroo rats) of North America had 
family representatives in North China (Fig. 2). 
The Muroidea of North China, except for one 
family, have no North American representation. 
The Rhyzomyidae (bamboo rats) of the Mur- 
oidea are similar in adaptations to the pocket 
gophers of North America. The Dipodinae are 
similar to the kangaroo rats in adaptation. 
Although the geomyids are restricted to 
North America, probable ecological equivalents 
are the Rhyzomidae of the Muroidea and 
the Dipodinae of the Dipodoidea from the 
mid-Pliocene of North China. Superfamily 
Sciuroidea (Fig. 2) has no apparent ecological 
equivalent in North China, but, soon after 
mid-Pliocene, squirrels invaded this area. 
Many nonmigrants of the Hemphillian ap- 
pear to have had ecological equivalents in the 
region being successfully entered by other 
animals. This is considered to be a major factor 
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in their inability to migrate successfully. The 
appearance of similarly adapted but distantly 
related groups is to be expected after a period of 
little or no interchange between two areas. 
Interchange during the lower Pliocene was 
very low. A few North American Hemphillian 
mammals which did not migrate can be con- 
sidered “warm adapted”: the Primates, sloths, 
and possibly the procyonids. The sloths, how- 
ever, appear in the Hemphillian faunas of 
Oregon, an area certainly not warm at that 
time. Pleistocene sloths occur as far north as 
Alaska. 

The direction of migration of a particular 
genus of mammal, to or from North America, 
is not always evident. In order to determine the 
immediate source area of a migrant form it is 
necessary to have available data on the distri- 
bution of its ancestral group. If a long-lived 
form such as Machairodus has an earlier history 
in one area, this is probably the immediate 
source area. Machairodus is therefore considered 
to have moved to North America. Figure 3 
illustrates later Cenozoic history and distribu- 
tion of several Hemphillian genera for which 
there are at least some data on direction of 
migration. For Castor, Ochotona, and Hipparion, 
more than one migration is indicated. The in- 
frequent occurrence of Hipparion in the Hemp- 
hillian of North America may indicate either a 
return from North China or a holdover from 
the Clarendonian in some areas. Ochotona is 
known from only one Hemphillian fauna (Mc- 
Kay Reservoir) and does not appear generally 
in North American faunas until the Quaternary. 
Castor is similar in distribution but is known 
from several Hemphillian faunas in the Pacific 
Northwest. These instances may be explained 
by limited distribution of forms at particular 
times and/or by separate migrations. Evidence 
does not indicate which is more likely. 


PALEOECOLOGY OF THE FAUNA 


The McKay Reservoir fauna was used as an 
example in a discussion of methods in mam- 
malian paleoecology (Shotwell, 1955b). At 
least three communities were recognized in 
material from the quarry: a pond-bank asso- 
ciation, a grassland, and a woodland. The 
pond-bank was the major community, and the 
others represented bordering communities. 


SysTEMATIC DESCRIPTIONS! 


Phylum ARTHROPODA 
Class CRUSTACEA 


Grinding disks of crayfish are abundant at 
McKay Reservoir. 


Phylum CHORDATA 
Class AMPHIBIA 


Several tibia-fibulae in the fauna probably are 
those of a ranid, possibly Rana. 


Class REPTILIA 


Numerous turtle carapace fragments have not 
yet been assigned to a genus. 


Class AVES 


Specimens of Anatidae and Tetraonidae in the 
fauna will be described in a subsequent report. 


Class MAMMALIA 
Order INSECTIVORA 
Family TALPIDAE 
Subfamily Tatprnar 


Scapanus sp. 


A humerus UOMNH F-3506 and a scapula 
UOMNH  F-3508, both incomplete, represent 
Scapanus. The humerus is not notably different 
from that of living species (Scapanus touwnsendi); 
on the scapula the infraspinous fossa extends 
anteriorly farther than on living species. It may 
represent another talpid. 


Subfamily DEsMANINAE 
Hydroscapheus americanus n.gen.n.sp. 
(Figure 4) 


Type: Humerus UOMNH F-4101. 

Paratypes: Femur UOMNH_  F-2698, tibia- 
fibulae UOMNH F-3792, F-2456, clavicle VUOMNH 
F-3206. 


1 Abbreviations used in this study are: 
UOMNH—University of Oregon, Museum of 
Natural History; UCMP—University of Cali- 
fornia, Museum of Paleontology; USNM—United 
States National Museum; UKMNH—University 
of Kansas, Museum of Natural History; UMNP— 
University of Michigan, Museum of Paleontology; 
and BM—British Museum. 
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FIGURE 4.—INSECTIVORES AND CHIROPTERID 
A.—H ydroscapheus americanus, type, F-4101, humerus, 1.5 
B.—H ydroscapheus americanus, humerus, X 1.5 
C.—Chiropterid, humerus, 
D.—Hydroscapheus americanus, F-2698, femur, X1.5 
E.—H ydroscapheus americanus, femur, X1.5 
F.—H ydroscapheus americanus, F-3792, tibia-fibular, 1.5 
G.—H ydroscapheus americanus, F-3206, clavicle, X1.5 


Type Locality: McKay Reservoir, Oregon 

Diagnosis—A desman water mole about four- 
fifths the size of living Desmana. Humerus lacks bi- 
cipital tunnel; has rounded head; no pit or fossa 
for origin of great ligament of M. flexor digitorum 
profundus. Femur has ovoid head and well-de- 
veloped fused sesamoids on epicondyles. 

Description—The material has been compared 
with Galemys pyrenaicus (USNM 172374) and 
Desmana moshata (BM 1919.7.7.2313). Only il- 
lustrations were available of the fossil desmans. 
The technique of measurement is that used by 
Reed (1951). 


Humerus, Figure 4 A, B 

Length—18.1 mm 

Proximal width—4.8 mm 

Distal width—10.2 mm 

Head thickness—4.1 mm 

Shaft width—2.8 mm 

Shaft thickness—2.2 mm 

Humerus is apparently about one-third larger 
than those of Mygalinia and Galemys and about 
four-fifths the size of that of Desmana. Head of the 
humerus is rounded. There is no indication of 
elongation of head to ovoid outline as in other 
desmans. According to Dr. Charles Reed (Personal 
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communication), who examined the material, the 
only other talpid with a rounded head on the 
humerus is the Asiatic shrew mole Uropsilus. The 
head of the Hydroscapheus humerus is not separated 
from the lesser tuberosity as in Desmana and Ga- 
lemys. The lesser tuberosity is smaller than in 
Desmana. Bicipital groove is not covered to form a 
tunnel as in living desmans and is rather shallow. 
It is not known whether or not Mygalinia has a 
covered bicipital groove. Orientation of pectoral 
ridge is similar to Desmana. Prominent deltoid proc- 
ess is farther posterior than in Desmana. Small 
ridge runs from deltoid process to neck of the hu- 
merus head in Hydroscapheus. The short teres tu- 
bercle is set off from the ovoid shaft of humerus 
(Fig. 4 A). 

Distal end of humerus is broadly flattened as in 
other desmans. Entepicondylar foramen opens into 
deep fossa on anterior side as in Desmana. Indis- 
tinct olecranon fossa is shallower than in Desmana. 
No fossa for origin of great ligament of M. flexor 
digitorum profundus. This fossa or pit is well de- 
veloped in Desmana. In Hydroscapheus a flat sur- 
face directed anteriorly may have acted as an area 
of attachment for great ligament of M. flexor digi- 
torum profundus. 


Clavicle, Figure 4 G 

Length—8.4 mm 

Height—1.0 mm 

Thickness—0.8 mm 

Clavicle is generally similar in outline to that of 
Desmana but differs in lesser details. Proximal end 
of Hydroscapheus clavicle is broader and flatter 
than those of Desmana and Galemys. The distal 
articular surface is different from that of Desmana. 
In Desmana posteriorly directed surface of distal 
end is ovoid in outline. Articular area is flattened, 
and surface is irregular. In Hydroscapheus articular 
surface, directed posteriorly, is long and narrow 
and has an irregular face. 


Femur, Figure 4 D, E 

Length—19.7 mm 

Breadth of shaft—3.0 mm 

Proximal breadth—7.9 mm 

Distal breadth—condyles—6.4 mm 

Thickness of shaft—1.9 mm 

Femur of Hydroscapheus resembles other desmans 
in outline. It has the same size relationship to the 
femur of Desmana as the humerus. Shaft appears to 
be more slender than in Desmana, but this may be 
largely the effect of different arrangement of the 
third trochanter. It is more proximal in Hydro- 
scapheus than in Desmana and is not well separated 
from the greater trochanter. The third trochanter 
and greater trochanter of the new genus form a 


long, narrow, rugose attachment area instead of 
separate attachment areas as in Desmana and 
Galemys. Head of femur in Hydroscapheus is ovoid, 
not rounded as in Desmana and Galemys. It has the 
appearance of being directed more anteriorly than 
in Desmana, but the relative position of ligamenta] 
attachment seems to be the same. Patellar surface 
of femur of Hydroscapheus is nearly at right angles 
to shaft; in Desmana the angle is less than 90°, 
Sesamoids of epicondyles in the new species are 
larger than those of Desmana. 


Tibia-fibula, Figure 4 F 

Distal breadth—6.4 mm 

Tibia-fibula of Hydroscapheus is known only from 
distal fragments. The two bones are well fused. 
Posteriorly the tibia-fibula has three distinct 
grooves; Desmana has two. Articular surface for 
astragulus of Hydroscapheus is broader and shal- 
lower than that of Desmana. 

Caudal vertebrae are similar to those of Desmana 
and indicate a long, heavy, fleshy, flattened tail. 

The overall similarity of the skeletal elements of 
Hydroscapheus to living desmans indicates its po- 
sition in the Desmaninae. The rounded head of the 
humerus suggests that movement is not so restricted 
as in other talpids, indicating that Hydroscapheus 
was not as good a burrower as many talpids. How- 
ever this does not restrict it from burrowing. The 
fleshy tail and the broad distal area of the humerus 
made Hydroscapheus a good swimmer, thus the 
name Hydroscapheus (water-digger). 

The appearance in North America of a mammal 
whose subfamily is not known outside Europe 
indicates how little is known of the historical bio- 
geography of smaller mammals. 


Order CHIROPTERA 


A distal fragment of a humerus is referable to the 
Chiroptera, UOMNH F-2517, Figure 4 C. The 
proximal end is missing which makes family desig- 
nation uncertain. 


Order LAGOMORPHA 
Family OCHOTONIDAE 
Ochotona spanglei n.sp. 
(Figures 5, 6) 


Type: Left lower jaw with P3-M3, UOMNH 
F-4083, Figures 5 A, 6 F, 6 G. 

Type Locality: McKay Reservoir. 

Diagnosis—A pike about the size of the living 
North American species. The character of the P+ 
M3 is similar, but there is a rounded external lobe 
on P3. Posterior and anterior faces of this tooth 
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are straight. Named in honor of Ray Spangle who 
discovered the McKay Reservoir locality. 
Description—P3 is triangular in outline with two 
external re-entrant angles, posterior one is slightly 
deeper. A re-entrant on the anterior face of the 
tooth forms an anterior external rounded loop. 
There is a lesser groove on the anterior internal 
face of the tooth. Fossettids are apparently lacking. 
Cement is present. P4-M3 are not distinct from 
living North American pikas. This species differs 
from others in the rounded anterior external lobe 
and straight anterior and posterior faces of the P3. 
Discussion—This occurrence of the genus 
Ochotona is the earliest known in North America. 
The family is recorded from both North America 
and Eurasia prior to this appearance. Ochotona 
apparently appears on both continents at the same 
time. Since this is the only record in North America 
in the Hemphillian and there are apparently no 
others until the Pleistocene, the present record may 
possibly represent an unsuccessful immigration. 


Family LEPoRmAE 
Hypolagus oregoneneis n.sp. 
(Figures 5, 6) 


Type: Left lower jaw with P3-M3, UOMNH 
F-4094, Figures 5 B, 6 B, 6 C, 6 E. 

Paratypes: Lower jaws, UOMNH _  F-2702, 
F-2907, F-4037, F-4036, F-2906, F-3064, F-2908, 
F-2063, F-3663; right maxilla fragment with P2, 
UOMNH F-4099, 

Additional material: 4 P2, 52 M’s, 13 I, 17 I, 13 
P3, 10 M’s, 7 astragali, 21 calcanea, 11 humerus 
fragments, 1 femur fregment, 13 tibia fragments, 2 
ulna fragments, 2 radius fragments, 3 scapula frag- 
ments, 1 pelvis fragment, and 3 trapesia. 

Diagnosis—A large Hypolagus with grooves and 
striations on the anterior face of the lower P3. 
There are two grooves on the face of the upper P2 
but only one re-entrant angle opening on the an- 
terior face. Larger than H. vetus (Kellogg). 

Description—Lowers: Outline of P3 is more semi- 
circular than triangular, but the internal border is 
terminated by a distinct crest at the widest point. 
Posterior external re-entrant angle is L-shaped 
with open base; it extends about halfway across the 
tooth. There is a small lake lingual to the end of 
the re-entrant. This lake often has a line of small 
lakes entering each column of the tooth. Anterior 
Te-entrant angle is an open V and is about one- 
third as long as the posterior. Anterior face often 
has three grooves running the full length; the deep- 
est is at the antero-labial edge of the tooth, one is 
just anterior to the widest point of the tooth, and 
the third is about halfway between. All these grooves 


are not always present. Several smaller grooves, also 
characteristic of the anterior face, give a corrugated 
effect. 

The molariform teeth P4-M2 are similar to 
Hypolagus vetus (Kellogg) and have a small lake in 
each column. In many specimens a string of tiny 
lakes extends from this lake to the exterior edge of 
the tooth. 

M3 is smaller and shorter than the other teeth. 
Anterior column is crescentic, and posterior one, a 
rounded triangle; each column has a small lake. 

Uppers—Outline of P2 is ovoid. A single re- 
entrant angle opens near lingual border of anterior 
face. There is a distinct groove in the tooth face at 
this point. About halfway to the labial edge of the 
anterior face is another prominent groove, a notch 
or sometimes a gentle curve in the enamel pattern. 
These grooves are filled with cement. 

Comparisons—H ypolagus oregonensis is a large 
form comparable in size to Lepus californicus cali- 
fornicus Gray. The lower jaw and skeleton do not 
differ noticeably from Lepus. The new species is 
larger than known Hypolagus species. Grooving of 
the anterior face of the P3 and P2 is peculiar to 
this species. 

Measurements—Type UOMNH F-4094, 
Diastema—17.1 mm 
Depth of lower jaw below P4—12.5 mm 
P3-M3—alveoli—16.9 mm 
P3-M3—occlusal—14.4 mm 


Antero-posterior Transverse 

(mm) (mm 
P3 3.2 2.8 
P4 3.0 3.5 
Mi 2.9 3.4 
M2 2.4 3.3 
M3 1.9 | 

Paratype UOMNH F-4099 
1.6 2.9 
Order RODENTIA 
Suborder SCIUROMORPHA 


Superfamily APLODONTOIDEA 
Family APLODONTIDAE 
Liodontia sp. 


A single molar, UOMNH F-3632, is referable 
to this genus. 


Family MyLAGAULIDAE 


Mylagaulus sp. 
(Figure 6 D) 


A single lower fourth premolar, representing 
Mylagaulus in this fauna is comparable to specimens 
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from the Rome, Oregon fauna. There are nine lakes. 
Anterior-posterior measurement is 14.3 mm, and 
the transverse is 6.6 mm. This is slightly larger than 
the largest specimens from Rome. 


Superfamily ScroromEA 
Family ScrurmDAE 
Citellus (Otospermophilus) wilsoni n.sp. 
(Figure 5) 


Type: A complete right lower jaw with P4-M3; 
incisor missing. UOMNH F-4097, Figure 5 C, C1. 

Paratypes: Crushed skull and lower jaws, fore- 
and hindfeet, radii and ulna, distal end of tibia, 
UOMNH F-35906. 

Type Locality: McKay Reservoir. 

Diagnosis—The differences in height of trigonid 
and talonid and the length of the tooth row are 
similar to the living Cétellus beechyi. All lower- 
dentition teeth are at least as wide as long. Metalo- 
phid becomes progressively shorter from M1-M3. 
Upper P4-M3 are subquadrate in shape. Lophs are 
nearly parallel on the uppers. Metaloph does not 
connect to the protocone until late wear. Named in 
honor of Dr. R. W. Wilson. 

Description—Lower Dentition: Hypoconid of 
P4 is large at the base, giving the tooth a tra- 
pezoidal outline. The protoconid and hypoconid are 
separate in unworn specimens but join with wear. 
There is no metalophid. Protolophid and protoconid 
form a small projecting (lingual anteriorly) crest not 
connected to the parametaconid. Posteriolophid is 
not connected to hypoconid in unworn specimens 
but connects with wear. Hypoconid is present in 
unworn specimens. Small entoconid appears as a 
serration in posterioloph in unworn material but is 
more prominent in worn specimens. Ectolophid is 
reduced. 

M1-M2 are about as wide as long. Talonid basin 
is smooth. Protolophid connects the parametaconid 
and protoconid. Metalophid does not reach the 
parametaconid but descends into the talonid basin 
just short of it. Trigonid basin then opens into the 
talonid basin. Posterolophid is smooth in unworn 
specimens, mesostylid and entoconid are reduced. 
Posterolophid is broadly connected to the hypo- 
conid. 

M3 is as wide as long and nearly a right triangle 
in occlusal outline. Protoconid is in the position of 
the right angle. Metalophid is short and descends 
directly to the talonid basin. Posterolophid con- 
nects smoothly to the hypoconid. The talonid basin 
floor has slight rugosities but is smooth overall. 
Ectostylid is reduced. 

Upper Dentition: P3 is small (1 mm in diameter) 
with single cusp and root. 


Metaloph of P4-M2 does not connect to the 
protocone until late stages of wear. Hypocone 
forms a distinct projection on the side of each 
tooth. Mesostyle is present. Teeth are subquadrate, 
Lophs are nearly parallel. The metaconule is at the 
end of the metaloph. Protoloph and _ posterior 
cingulum form a U. Protoloph and metaloph are 
about the same height and a little higher than the 
posterior and anterior cingulum. Parastyle is 
prominent and as high as the protoloph and meta- 
loph. 

M3 is not much larger than M2. Metaloph is 
absent. Posterior cingulum curves more than in M2 
but is directed posteriorly. The tooth is almost 
heart-shaped. Apex is the protocone. 

Comparisons—The new species is about one- 
fifth larger than C. (Otospermophilus) gidleyi Mer- 
riam, Stock, and Moody. The trigonid basin in 
O. gidleyi is complete in M1-M3 but not in 0. 
wilsoni. The metalophid does not enter the talonid 
basin in the M2 or M3 as in O. wilsoni. The differ- 
ence in height of crown between talonid and tri- 
gonid is similar in the two species. The uppers of 
O. gidleyi are not known. 

C. (Otospermophilus) argonatus Stirton and Goertz 
is also a small species closer in size to O. gidleyi than 
to O. wilsoni. The trigonid of O. argonatus is curved 
posteriorly rather abruptly in contrast to the other 
two species. The P4-Mi are the only known teeth 
of O. argonatus. 

An otospermophilid in the Thousand Creek 
fauna is closer to O. argonatus or O. gidleyi than to 
O. wilsoni. 

Citellus rexroadensis Hibbard differs from the 
above species in having the protoconid and para- 
metaconid widely separated. 

On the skull of C. (Otospermophilus) wilsoni the 
infraorbital foramen is semicircular. The posterior 
border of the base of the zygomatic arch is opposite 
the M1. The masseteric tubercles are well de- 
veloped. Tooth row of uppers is 11.6 mm in 
UOMNH F-3835. 

Measurements—Type UOMNH F-4097 


Antero-posterior Transverse 
mm mm 
P4 1.9 2.2 
Mi 1.9 27 
M2 2.4 27 
M3 2.9 


Citellus (Citellus) mckayensis n.sp. 
(Figure 5) 
Type: Left lower jaw fragment, UOMNH F-3627, 


Figure 5 D, D1. 
Type Locality: McKay Reservoir. 
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FicurE 5.—LAGOMORPHS AND RODENTS 
A.—Ochotona spangeli, type, F-4083, left lower jaw, X2.1 
B.—H ypolagus oregonensis, type, F-4094, left lower jaw, 0.54 
C.—Citellus (Otospermophilus) wilsoni, type, F-4097, right lower jaw, X1.1 
C1.—Citellus (Otospermophilus) wilsoni, occlusal view lower dentition, 2.1 
D.—Citellus (Citellus) mckayensis, type, F-3627, left lower jaw fragment, X2.1 
D1i.—Citellus (Citellus) mckayensis, occlusal view lower M1-M3, X2.1 
E.—Marmota oregonensis, type, F-3625, left lower M1, occlusal view, X2.1 
F.—Prosomys mimus, type, F-3667, right lower jaw, X2.1 
F1.—Prosomys mimus, type, lower M1-M2, occlusal view, 7.1 
F2.—Prosomys mimus, F-3638, upper M1, occlusal view, X7.1 
G.—Pliozapus solus, F-2480, left lower jaw, X2.1 
H.—Leptodontomys oregonensis, F-3633, type, right lower jaw, X2.1 
J.—Perognathus sargenti, F-3637 type, left lower jaw, X2.1 


Diagnosis—Molars increase in size from M1-M3. 
A species about the size of living C. (Citellus) 
columbianus. Trigonid is much higher than talonid 
on all the molars. A distinct notch is present be- 
tween posteriolophid and parametaconid. Meta- 
lophid connects progressively farther down on para- 
metaconid from M1 to M3. M1 and M2 are wider 
than long; M3 is longer than wide. 


Description—M1 is slightly wider than long. 
Trigonid is much higher than talonid. Hypoconid 
is lower than posterolophid. Parametaconid is much 
higher than protoconid. Posterolophid is separated 
by a distinct notch from the parametaconid. 
Trigonid basin is complete and formed by the proto- 
lophid and metalophid. 

M2 is similar to M1. Metalophid does not con- 


AN 
S 
A 
A (FRAG 
CADIS LE 
cl 
\ 
F2 
= 
de- 
m in 


730 J. A. SHOTWELL—HEMPHILLIAN FAUNA, OREGON 


nect as high on the parametaconid as in M1. 
Trigonid basin is complete. 

M3 is longer than wide and much larger than 
the M2. Occlusal outline is a modified obtuse tri- 
angle, obtuse angle at the protoconid. Metalophid 
connects at base of parametaconid. A prominent 
entoconid forms a lophid which projects into the 
talonid basin and is directed towards the hypo- 
conid. There is a small notch in the occlusal outline 
where this lophid leaves the posterolophid. Hypo- 
conid is large and not bifurcated as in many living 
species. As on other molars a prominent notch 
separates the posteriolophid and the parametaconid. 

Com parisons—Citellus (Citellus) mckayensis is the 
earliest known ground squirrel referable to the sub- 
genus Citellus. Its presence with otospermophilid 
ground squirrels shows that the genus Cifellus had 
already radiated into its several subgenera by 
Hemphillian time. Mandibles tentatively referred 
to this species are comparable to those of living 
species, but reference is somewhat tenuous because 
they do not contain teeth. Similarity in size be- 
tween the C. wilsont and C. Mckayensis makes dif- 
ferentiation of skeletal postcranial elements im- 
possible. 

Measurements—Type UOMNH F-3627. 

M1-M3 7.5 mm 


Antero-posterior Transverse 
(mm) (mm) 
Mi 1.8 ye 
M2 2.0 2.6 
M3 3.5 2.0 


Marmota oregonensis n.sp. 
(Figure 5) 


Type: unworn left Mi, UOMNH F-3625, Fig- 
ure 5 E. 

Paratype: Little worn right Mi, UOMNH 
F-3626. 

Type Locality: McKay Reservoir. 

Diagnosis—A marmot about the size of the 
living M. monax. Has a large trigonid basin. Floor 
of talonid basin has several ridges or rugosities 
similar to those in M. nevadensis Kellogg. 

Description—Protoconid and parametaconid of 
Mi are well separated making the occlusal outline 
of the tooth quadrate. Protolophid is strongly con- 
nected to protoconid and parametaconid. The com- 
plete metalophid forms a relatively large trigonid 
basin in the unworn tooth. A protoconulid is 
present. Entoconid is distinct but small and con- 
nected to the posterolophid only at the base. 
Mesostylid is small but distinct. An ectolophid is 
also present. Posterolophid is partly separated from 
the hypoconid by a small hypoconulid. Talonid 


basin has a rugose floor with a deep groove extend- 
ing around the antero-lateral border. This groove 
is bridged by one of the rugosities at the entolophid, 
Com parisons—M armota oregonensis is much larger 
than M. minor and much smaller than M. nevadensis, 
Its characters are like those of M. nevadensis. It is 
also smaller than M. mexicana Wilson from the 
Yeopmera fauna (Rincon fauna). 
Measurements—Type UOMNH F-3625. 


Antero-posterior Transverse 
(mm (mm) 
Mi 4.8 5.1 


Family CASTORIDAE 
Subfamily CAsTOROIDINAE 
Dipoides smithi Shotwell 


The small beaver Dipoides is common in this 
fauna. The specimens from McKay Reservoir are 
described elsewhere (Shotwell, 1955a). 


Subfamily CastoRIDINAE 
Castor sp. 


A fragment of a large upper incisor UOMNH 
F-4071 is the only evidence of Castor in the fauna. 
The tooth is 9.9 mm wide and 8.4 mm antero- 
posteriorly. Enamel is restricted to the flat anterior 
face. The specimen is larger than living Castor of 
North America and slightly larger than specimens 
referred to C. californicus Kellogg. Castor has been 
described previously from the Hemphillian Rome 
fauna of Oregon by Wilson (1937). 


Superfamily GEomyomEA 
Family GEoMyIDAE 
Pliosaccomys dubius Wilson 1936 


A complete left lower jaw UOMNH F-3631 and 
several mandible fragments are present. The 
ascending ramus is not higher than that in the 
modern Geomys, from which it differs in the 
absence of the pit at the internal base of the coro- 
noid process. These characters were not distin- 
guishable in the type of Pliosaccomys. 


Family HETEROMYIDAE 
Perognathus sargenti n.sp. 
(Figures, 5 6) 

Type: Left lower jaw with damanged ascending 
ramus, broken incisor, and P4-M3, UOMNH 


F-3637, Figures 5J, 6A. 
Type Locality: McKay Reservoir. 
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Diagnosis—Premolar very molariform with sug- 
gestion of six cusps. A large form with molars much 
like the living Perognathus hispidus. 

Named in honor of Mr. and Mrs. S. Sargent who 
contributed much of their time in the early collect- 
ing at the type locality. 

Description—Lower jaw more massive than 
modern forms. Although broken, the ascending 
ramus appears to have been higher than that of 
modern species. The proximal end of the incisor is 
well above the dental foramina as in living species. 
Anterior external cingulum is prominent in the 
P4, M1, and M2 and is part of the occlusal surface 
of the tooth in the state of wear of the type mate- 
rial. Anterior external cingulum is reduced in the 
M3. Two anterior cusps are well separated in the 
P4 with a groove extending down the anterior face 
of tooth, probably not being removed by wear. 
Anterior cusps of the molars are partly separated 
on their posterior side as in the living species. 
Posterior cusps of the P4 are partly separated by a 
valley on anterior side. Those of the molars are 
separated on the posterior side. Posterior external 
(stylar cusp) is attached to the posterior internal 
cusp in the stage of wear exhibited in the type 
material. Probably it is separate in unworn or less- 
worn teeth. 

Unlike other forms of Perognathus the two lophs 
of the molars are connected by a small ridge twinned 
on the P4. Perognathus sargenti differs from other 
species in its progression towards a sexituberculate 
pattern. This gives the premolar a molariform ap- 
pearance. The new species might be given generic 
status since only four cusps are described for the 
premolar in the generic diagnosis of Perognathus. 
The fact that many living species of Perognathus 
exhibit well-developed cingular cusps in the milk 
premolars, however, indicates that the new species 
should be included in this genus. 

Measurements—P4-M3—4.6 mm. 


Antero-posterior Transverse 
(mm) (mm) 
P4 0.8 1.0 
Mi 1.4 
M2 1.2 
M3 1.0 


Family Eomymar 
Leptodontomys oregonensis n.gen., n.sp. 
(Figures 5, 6) 


Type: A complete right lower jaw with incisor 
and P4, UOMNH F-3633, Figures 5H, 6H. 

Type Locality: McKay Reservoir. 

Diagnosis—Anterior and posterior cingula com- 
plete but not as high as the prominent cusps and 


did not take part in early wear of the tooth. Wear 
pattern is E-shaped. Molars apparently little if any 
larger than the premolar. 

Description—P4 measures 0.8 mm transversely 
and 0.7 mm antero-posteriorly. It is low-crowned 
and has two roots. Posterior and anterior cingula 
are not as high as occlusal surface in little-worn 
tooth. Protoconid and metaconid connected by a 
single metalophid. Mesoconid, the smallest cusp, is 
triangular in outline and joins the protoconid and 
hypoconid by an ectolophid. Section of ectolophid 
from mesoconid to hypoconid is shorter than that 
from mesoconid to protoconid. Lingual valley is 
large and Y-shaped. Labial valley is nearly straight, 
trending anteriorly. Alveoli for M1-M3 indicate 
three rooted molars. M1 and M2 the two anterior 
root alveoli are small, the posterior one large 
(nearly twice as big as anterior ones. M3 roots have 
similar equilateral triangle arrangement, but the 
posterior root is not much larger than the anterior 
ones. 

Characters of the lower jaw: there is no pit or 
depression between M3 and coronoid process. Small 
foramina are numerous on the lingual side; one just 
outside the anterior lip of the dental foramen, one 
just below the dental foramen, and a small foramen 
posterior to the M3. There are also small foramina 
below the P2, M1, and M2. There is a prominent 
tuberosity near the ventral border of the mandible 
on the lingual side directly below the anterior edge 
of the P4. Condylar process is directed posteriorly. 
Angle is slightly inflected. There is no masseteric 
crest. Masseteric fossa is rather flat. The upper 
border curves up to meet it in a sharp point just 
below the P4. Mental foramen is in line with the 
upper border of the masseteric fossa on the labial 
side of the mandible about halfway between the 
incisor and P4. Incisor face is rounded. Cross-sec- 
tion outline is ovoid. Enamel is restricted to the 
antero-labial sides. Incisor crosses the tooth row 
near the middle. Angle between the tooth row and 
incisor is small, 8° to 10°. The diastem is-nearly as 
long as the tooth row. 

Comparisons and tax ic position—Lepto- 
dontomys does not compare with any modern 
families of rodents or with any known Pliocene 
family. The tooth pattern, the shape of the mas- 
seteric fossa, the peculiar arrangement of molar 
roots, and shape of the incisor are like the Oligocene 
Adjidaumo. It differs from this genus by having a 
poorly developed posterior cingulum, a smaller 
mesoconid, and widely separated protoconid and 
metaconid on P4. P4 of Leptodontomys is more 
molariform than P4 of Adjidawmo. Resemblance is 
of family magnitude; therefore, this new genus is 
placed in the family Eomyidae. Another middle- 
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Pliocene form similar but much larger than Lepto- 
dontomys is Kansasimys Wood (1936). This genus 
is strikingly like various eomyids but has four 
roots on the molars. Wood does not compare it 
with members of this family. He describes the 
masseteric fossa as ending in a sharp angle, and 
this character is apparent in eomyids. There seems 
to be no immediate need for a new family for either 
of these two genera, although skull characters may 
require such a distinction. 
Measurements—Tooth-row alveoli P4-M3—2.9 
mm. 
Greatest length lower-jaw incisor to coronoid— 
11 mm. 


Suborder MYOMORPHA 
Superfamily MuromeEa 
Family CricETIDAE 
Subfamily 
Prosomys mimus n.gen. n.sp. 
(Figure 5) 


Type: Right lower jaw with incisor and M1-M2, 
ascending ramus broken just above level of tooth 
row, UOMNH F-3667, Figure 5 F, F1. 

Paratypes: Right maxilla fragment with M1, 
UOMNH F-3638, Figure 5 F2. 

Type Locality: McKay Reservoir. 

Diagnosis—Teeth rooted and low-crowned. Re- 
entrant angles open and without cement. Smaller 
than living Arvicola, to which it is closely related. 
Lower M1 with straight-sided re-entrant angles, 
anterior loop semicircular with flat base, adjacent 
re-entrant angles meet directly, others alternate 
with three alternating triangles. Upper M1 has 
anterior loop and four alternating triangles. 

Description—Lower dentition: M1 has 2 roots; 
not as high-crowned as Mimomys. There is a pos- 
terior loop, three alternating triangles, and an 
anterior loop. Anterior loop is semicircular and 
smooth, much as in Ondaira. There is no indication 
of an additional re-entrant angle. Posterior border of 
anterior loop is straight, the two adjacent angles 
d and e meet squarely. Anterior border of middle 
internal re-entrant angle c has a slight distal notch. 
Other re-entrant angles are straight-sided. All re- 
entrants are broadly open, V-shaped. There is no 
cement. Internal triangles are higher than exterior 
triangles, but the bases of both are about equal size. 

MZ2 has a posterior loop and four alternating tri- 
angles. Re-entrant-angle borders are straight; 
angles V-shaped. There is no cement. Fourth tri- 
angle has a rounded anterior border. Internal tri- 
angles are larger than external triangles. M2 is 


smaller than M1, but difference is not as great as in 
Mimomys. 

Upper Dentition: M1 has one anterior and two 
posterior roots, anterior loop, and four alternating 
triangles. Borders are straight; internal re-entrants 
are U-shaped, and external ones are V-shaped. In- 
ternal triangles are smaller, and their apices are 
more rounded. 

Alveoli of M2 indicate two anterior roots. 

Characters of the mandible: shallow groove be- 
tween the tooth row and coronoid process. There is 
a foramen at base of groove opposite M3. Incisor 
is round-faced, passes under the tooth row below 
M3, and extends on above occlusal surfaces. Den- 
tal foramen is below anterior root of M1. 

Comparisons—The only other MHemphillian 
microtine known is Goniodontomys from the Rome 
fauna. It differs from Prosomys in that the triangles 
of the teeth are opposite instead of alternating. 
Goniodontomys may be related to Microtoscoptes 
Schaub from the upper Pliocene of Asia. This genus 
also has the triangles opposite. Mimomys of the 
Blancan of North America and the Villafranchian 
of Europe and Asia is the form most closely related 
to Prosomys. Mimomys differs from Prosomys by 
having an additional re-entrant angle in the Mi 
which is not as long in relation to the height of 
crown as the other re-entrant angles. This addi- 
tional re-entrant wears to a lake. The shape of the 
posterior border of the anterior loop is an inflected 
chevron, not straight as in Prosomys. Mimomys is 
a much larger form. The anterior borders of the 
re-entrant angles are not straight as in Prosomys 
but have a distinct notch distally as in the modern 
Ondatra. The re-entrants are more closed than in 
Prosomys. The close relationship of Mimomys to 
the genus is evident by the incomplete additional 
re-entrant angle, the low-crowned rooted teeth, 
lack of cement, and similarity in the M2’s and 
M1’s. The step from Prosomys to Mimomys is ap- 
parently a phylogenetic one. 

Discovery of this early microtine, which is 
closely related to the modern voles and lemmings, 
allows some speculation as to phylogenetic rela- 
tionships of these rodents. There are many possible 
progressions from a basic type suggested by Pro- 
somys: increase in size, increase in height of crown, 
addition of triangles, and complication of the bor- 
ders of the re-entrant angle. Several segregated 
groups show that such progressions are usually 
combinations of several of the features listed, one 
being more predominant than others. Listed below 
are the groups suggested. 

(1) Increase in size, some addition of triangles, 
but remaining rooted and moderately low-crowned. 
Represented by Ondatra. 
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(2) Moderate increase of number of triangles, 
some increase in size, but still rooted. Prosomys, 
Mimomys, Ogmodontomys, Arvicola. 

(3) Addition of many triangles, little increase in 
size, and rooted at some time in ontogeny. Plio- 
phenacomys, Phenacomys. 

(4) Great increase in height of crown and in 
number of triangles and loss of roots. Microtus. 

This does not include all known genera but 
shows certain examples. These groups are largely 
evident in Mi. Other teeth maintain the same 
general arrangement of triangles in all forms. 
M2-M3 become relatively smaller. 

Measurements—M1-M3 aveoli, 5.4 mm. 


Antero-posterior Transverse 
(mm) (mm) 
Mi 1.9 1.1 
M2 1.5 
Mi 2.0 


Superfamily DrropomEa 
Family ZAPODIDAE 
Subfamily ZAPODINAE 
Pliozapus solus Wilson 1936 
(Figure 5) 
A left lower jaw complete with incisor and 
M1-M3, UOMNH F-2480, is in the collection from 


McKay Reservoir. The teeth are at about the same 
stage of wear as the type material. M1-M3, 3.7 mm. 


Order CARNIVORA 
Family CANIDAE 
Subfamily BoropHAGINAE 
Osteoborus sp. 
(Figure 6) 
Osteoborus is represented by a distal fragment of 
a humerus, occipital bone with condyles, calcaneum, 
astragalus, and a single upper fourth premolar, 
UOMNH F-4093. P4 has a vestigial protocone 
similar to that of O. littoralis VanderHoof. Metacone 
has three deep serrations. Paracone is more rounded 
than in O. diabloensis Richey. P4 cannot be defi- 
nitely referred to any known species for which 
upper teeth are known. 


Subfamily CANINAE 
Canis condoni n.sp. 
(Figure 6) 


Type Lower jaw with M2, UOMNH F-3241, 
Figure: 6 K. 
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Type Locality: McKay Reservoir. 

Diagnosis—A small dog about the size of Vulpes 
fulva. Lower M2 transitional between Tomarctus 
and Canis in the development of the paraconid. 

Description—Lower dentition: hypoconid and 
entoconid of Mi connected by a ridge (Fig. 6 L, N). 
There is a small but well-developed accessory cusp 
between the entoconid and metaconid. 

M2, paraconid present, small and separated 
somewhat from the protoconid by a minute 
valley. Protoconid and metaconid about equal 
size and opposite. A small crest connects meta- 
conid to anterior edge of the tooth and reaches 
the paraconid, resulting in a closed trigonid basin. 
There is a prominent anterior labial cingulum. 
Hypoconid is large. Entoconid is represented by a 
low ridge, running around the heel from hypoconid 
to metaconid. 

Upper Dentition: protocone of P4 distinct with 
a small high single cusp (Fig. 6 M). Blade of meta- 
cone is flat-topped in outline. Paracone is high and 
pointed. There is a slight internal cingulum on the 
metacone. 

Tax ic Position—The ridge connecting the 
hypoconid and entoconid in the Mi and the com- 
plete trigonid of the M2 suggests a primitive 
Canis. These characters rarely appear in Vulpes. 
Slenderness of the lower jaw isfoxlike, but a logarith- 
mic graph of living and fossil dogs and foxes shows 
that slenderness of foxes is a function of size. 

Comparisons—Small and sometimes indistinct 
paraconid of the M2 distinguishes this species from 
others of Canis. 


Family MusTELIDAE 
Subfamily MusTELINAE 


Pliotaxidea sp. 


A fragmental ramus UOMNH F-3243 with a 
well-worn Mi in place is referable to the genus 
Pliotaxidea. A specific designation cannot be made 
with available material. 


Plesiogulo sp. 
(Figure 6) 


A maxilla fragment containing P4-M1, UOMNH 
F-3656, and a fragmental Mi, UOMNH F-2441, 
both from the right side, represent Plesiogulo in the 
fauna. Their position in the deposit and occlusion 
suggest they are from the same individual (Fig. 
6 P, Q). Three species of Plesiogulo are recognized, 
P. monspessulans Viret from Montpellier, France, 
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FIGURE 6.—LAGOMORPHS, RODENTS, AND CARNIVORES 


A.—Perognathus sargenti, occlusal view lower dentition, 2.1 
B.—H ypolagus oregonensis, lower right P3, occlusal view, X 3.6 
C.—H ypolagus oregonensis, upper P2, occlusal view, X3.6 
D.—M ylagaulus sp., lower P4, occlusal and side views, X0.71 
E.—H ypolagus oregonensis, cross-section of upper incisor, X 3.6 
F.—Ochotona spangeli, right lower P3, occlusal view, X3.6 
G.—Ochotona spangeli, cross-section, upper incisor, X7.1 
H.—Leptodontomys oregonensis, lower P4, occlusal view, X7.1 
J.—Felis longignathus, type F-2628, left lower jaw, X0.71 
K.—Canis condoni, type, F-3241, left lower jaw, unshaded teeth not part of type, X0.36 
L.—Canis condoni, lower M1, occlusal and side views, X0.71 
M.—Canis condoni, upper P4, occlusal and side views, X0.71 
N.—Canis condoni, lower M1, occlusal view, 0.71 
O.—Osteoborus sp., upper P4, occlusal and side views, X 0.71 
P.—Plesiogulo sp., occlusal view upper P4-M1, 0.71 
Q.—Plesiogulo sp., occlusal view lower M1 and side view, X0.71 


P. brachygnathus (Schlosser) from Paote, North 
China, and P. marshalli (Martin) from the Edson 
Quarry, Kansas. Zdansky (1924) illustrated the 
variation of P4-M1 outline within the genus. Com- 
parison of the type and referred specimen of P. 
marshalli with casts of Zdansky’s illustrated speci- 


mens does not reveal any differences which can be 
used to separate the two forms. The material from 
McKay Reservoir shows a flatter and possibly more 
expanded protocone in the upper M1. No species 
designation for the McKay material is warranted 
at present. 
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Family FELIDAE 
Subfamily FELINAE 


Felis longignathus n.sp. 
(Figure 6) 


Type: Incomplete left lower jaw with broken 
canine, P3, P4, M1. M1 with damaged talonid, 
three small incisor alveoli. UOMNH_  F-2628, 
Figure 6 J. 

Type Locality: McKay Reservoir. 

Diagnosis—A cat about the same size as the 
ocelot, with a long diastem between canine and 
P3. No P2 present; a much reduced talonid on the 
M1, and a deep open notch between paraconid and 
protoconid of Mi. 

Description—Mandible with relatively long 
diastem, two mental foramina, one directly below 
the middle of the diastem, the other below the P3. 
Anterior one is larger. Lower jaw rather deep, the 
exact depth cannot be determined from the speci- 
men. 

Alveoli for three small nearly equal-sized incisors 
are present in the type. 

Canine is rather straight, damaged. 

P3 is about same height as P4 and M1. Paraconid 
and metaconid, about equal size. A small cingulum 
surrounds the metaconid. 

P4 is larger than P3; has a distinct talonid. 
Metaconid is distinct from protoconid. 

Mi has paraconid and protoconid separated by a 
deep open notch. Lingual valley filled by a bulbous 
cusp not evident in other cats. Posterior side of 
protoconid is broken away so that exact characters 
of talonid and metaconid cannot be determined. 
Discernable characters suggest a much reduced 
talonid and probably no metaconid. 

Taxonomic Position—It is difficult to determine 
generic identity of Pliocene cats with reduced 
talonids on the M1 because of the gradual transition 
of Pseudaelurus to Felis. Stock (1934), following 
Matthew (1910), distinguished Pseudaelurus by the 
three lower premolars. But Simpson (1945) includes 
Hibbard’s Pratifelis and Adelphailurus under 
Pseudaelurus. Both genera have only two pre- 
molars. The genus Metailurus of Zdansky (1924) is 
described by Matthew (1929) as being transitional 
from Pseudaelurus to Felis. Matthew (1910) did not 
consider Metailurus separable from Pseudaelurus. 
Stock (1934) maintains that the genus Metailurus 
is distinct and typifies it in part as having two 
lower premolars. 

The new species is smaller than known species of 
Pseudaelurus or Metailurus. It has no indication of 
a P2. Canine is rather straight. The deep open 
notch between the protoconid and paraconid is like 
that in the living lynx and more open than in Felis 


palaeosinensis Zdansky from China. It is referred 
to Felis here because of the reduced talonid of the 
Mi and the deep protoconid-paraconid notch in 
that tooth. Skull material may make such a desig- 
nation unjustified. 

Comparisons—The new species closely resembles 
Felis proterolyncis Savage (1941) from the Optima 
fauna of Oklahoma. F. longignatha is slightly larger 
and apparently has a proportionately longer 
diastem. The mandible is not as deep in F. protero- 
lyncis. Characters of the teeth are similar in the 
two species. The bulbous cusp in the lingual valley 
of the M1 of F. longignatha is not present in F. 


proterolyncis. 


Subfamily MACHAIRODONTINAE 
Machairodus sp. 


A proximal fragment of a femur, a metapodial, 
and the serrated edge of a Saber canine tooth are 
referred to Machairodus. 


Order PERISSODACTYLA 
Family Equmar 
Subfamily EquinaE 
Hipparion sp. 
(Figure 7) 


Material referable to Hipparion consists of a 
fragmentary upper milk dentition, an upper pre- 
molar, metatarsals and metacarpals, an astragalus, 
and other foot elements (Fig. 7 E, G). Premolar 
has an ovoid protocone. Hypoconal groove is 
isolated at the present state of wear. Anterior 
border of prefossette is without re-entrants. Pos- 
terior border has four regular loops exteriorly, 
followed by a large loop with two re-entrants and a 
kidney-shaped loop between them. Internal edge of 
the posterior border is marked by a large bifurcated 
re-entrant. Postfossette anterior border has a large 
external loop broken into several small loops. This 
is followed by a series of three radially arranged 
re-entrants at internal edge. Posterior border has a 
single bifurcated re-entrant. Plicaballin is twinned. 
Shape of protocone is most like H. anthonyi Merriam 
among North American hipparions but is somewhat 
rounded. Hypoconal groove is closed at an earlier 
stage of wear in the McKay species than in any 
other North American horses of this genus. The 
styles do not rise abruptly from the ectoloph but 
are molded into it. This gives a semicircular cross 
section between styles instead of the more or less 
rectangular one of most species. The McKay species 
is larger than other known North American forms 
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FIGURE 7.—PERISSODACTYLS AND ARTIODACTYLS 
A.—Prosthennops brachirostris, F-3585, mandible and occlusal view P4-M3, 0.36 


B.—Procamelus sp., lower M3, X0.36 


C.—Paracamelus sp., lower M3 fragment, X0.36 

D.—Prosthennops brachirostris, type, F-2767, upper dentition, occlusal view, X0.36 
E.—Hipparion sp., upper premolar, occlusal view, 2, side view, X 0.36 
F.—?Neohipparion sp., upper ?molar occlusal view, <2, side view, X0.36 


G.—Hipparion sp., metapodial, 


and is comparable in size with specimens of H. 
gracile Kaup from Pikermi, Greece. In simplicity of 
the anterior border of the postfossette, complexity 
of enamel pattern of posterior and anterior border 
of these fossettes, roundness of the protocone, and 
mode of style attachment the McKay species is 
similar to H. gracile. It differs from gracile in the 
character of the hypoconal groove and the flatter 
lingual side of the protocone. The characters of this 
tooth are apparently a mixture of those seen in 
North American and Eurasian hipparions. The milk 
teeth UOMNH F-2763 are similar to those of 


gracile but differ in shape and attachment of the 
styles. 

Metacarpals and metatarsals and astragalus are 
like H. gracile both in size and character. 


?Neohipparion sp. 
(Figure 7) 


Styles and fragments of the fossettes of an 
upper-cheek tooth in the material from McKay 
Reservoir are similar to species of Neohipparion, 
but reference to a species is not possible (Fig. 7 F). 
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Family RHINOCEROTIDAE 
Teleoceras sp. 


This rhinoceros is common in the McKay sedi- 
ments, but no skull material is known. A few teeth 
are present including an incisor, M1, M2, damaged 
upper and lower molars, and canines. Appendicular 
skeletal elements are numerous: complete and 
fragmental specimens of five femora, three humeri, 
five radii, two pelvi, several hind- and forefoot 
elements, plus many fragmentary pieces. The 
taxonomic situation in this genus as described by 
Stirton (Matthew, 1932, p. 390) makes specific 
designation of this material valueless. 


Order PROBOSCIDIA 


A proboscidian is represented in the fauna by a 
centrum fragment. No generic or family assignment 
can be made. 


Order ARTIODACTYLA 
Family TAYASSUIDAE 
Prosthennops brachirostris n.sp. 
(Figure 7) 


Type: Restored palate with canines and complete 
cheek-tooth series, UOMNH F-2767, Figure 7 D. 

Type Locality: McKay Reservoir. 

Paratypes: Lower jaw complete except for in- 
cisors and P2’s and P3’s, UOMNH F-3585, Figure 
7A. 

Diagnosis—A peccary with a short diastem. No 
internal cingulum on lower-cheek teeth, and only a 
slight external one. Upper P2 is triangular with 
three cusps and a slight external cingulum. 

Description—Upper-jaw teeth are little-worn in 
the type. P2 is triangular with three cusps and a 
slight external cingulum. P3 is more quadrate and 
bears four cusps. P4 has a posterior and anterior 
cingulum. There is also a posterior accessory cusp. 
M1-M3 have a slight internal cingula and strong 
external ones. There are accessory cusps in the 
valleys. M3 is rectangular and tends to widen 
anteriorly. 

Lower-jaw canines are large and well developed. 
No cingulum on interior side of cheek-tooth series, 
and a slight one externally. Valleys are generally 
clean of accessory cusps. 

Comparison with other species—P. oregonensis 
Colbert differs from the new species in the lack of 
a strong external cingulum on the upper-cheek 
teeth and a much longer diastem. Both P. longirostris 
Thorpe and P. serus (Cope) differ in their much 


greater diastem. P. serus also tends to have nu- 
merous cuspids. The new species is apparently 
larger and has squarer teeth than P. niobrarensis 
Colbert. Other species of Prosthennops differ in 
these same characters. 


Family CAMELIDAE 


At least two species of camels are represented in 
the fauna; one is large, about the size of Para- 
camelus, the other is small, near the size of Pro- 
camelus. 

The large species (Fig. 7 C) is known from a 
fragmental lower right third molar, distal end of a 
humerus, tibia, phalanges, astragalus, pelvis, and 
metapodial fragments. The smaller species (Fig. 
7 B) is represented by lower right M3, M2, two 
well-worn upper M3’s, and a metapodial. Styles of 
the lower third molar are slightly more prominent 
than in Procamelus coartatus Stirton, while in other 
characters it closely resembles that species. A lower 
M3 from Thousand Creek figured and described by 
Merriam (1911, Fig. 50 A, B, UC No. 12765) is 
close to the McKay Reservoir species. The material 
known makes it necessary to designate the small 
species as probably representing Procamelus or 
Pliauchenia and the larger one as representing 
? Paracamelus. 
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"4 STATISTICAL ANALYSIS OF LOW-LEVEL RADIOACTIVITY OF 
; PENNSYLVANIAN BLACK FISSILE SHALE IN ILLINOIS 
nd cor- 
=; By W. C. KruMBEIN AND H. A. SLACK 
ABSTRACT 
ITY OF Black fissile shale in Pennsylvanian cyclothems in the western part of the Illinois 
. Basin shows low-level radioactivity as measured by alpha-particle emission. Prelimi- 
Y OF 


nary analysis showed a ten-fold variability in radioactivity among closely spaced 
samples, with no apparent concentration in particular zones of the thin shale units. 
These relations favored design of a sampling experiment for evaluation of average radio- 
activity of the shale and for detection of regional radioactivity gradients. 

Interlocked regional and local sampling designs were set up and provided 176 samples 
for a regional study and 32 samples for a local study, including evaluation of the experi- 
mental error. The interlocked designs furnished data for estimating stratigraphic vari- 
ability of samples spaced from about 1 foot to 18 miles apart. 

Strip mines, mine dumps, and some well cores provided regional samples of the 3-foot 
black fissile shale bed overlying Coal No. 6 in an area about 200 miles long and 20 miles 
wide. The local samples were collected from four localities within a single mine. In both 
sampling designs the maximum variability occurred at the lowest sampling level, indica- 
tive of a “spotty” distribution of radioactivity in the black shale. Neither the geological 
evidence nor the statistical analysis suggested any strong regional gradient in radioac- 
tivity over the area studied. Both the geological and statistical data support the inference 
that the radioactive material was associated with the depositional environment, rather 
than introduced by wholly diagenetic processes. 
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INTRODUCTION 


A conspicuous member of many western 
Illinois Pennsylvanian cyclothems is a black 
fissile shale a few feet thick that occurs above 
the coal in the upper half of the cyclothem. The 
shale is relatively massive in the subsurface, but 
on exposure it develops roughly rectangular 
blocks with a high degree of fissility. The 
weathered shale splits easily into paper-thin 
sheets parallel to the bedding. 

The shale commonly grades upward to gray 
calcareous shale, or into a harder black shale 
that weathers into small flakes. Downward the 
fissile shale locally grades into black carbonace- 
ous lumpy shale. In some cyclothems the upper- 
most shale member may also be black, but it 
has a soapy feel and weathers into ellipsoidal 
masses. This paper is concerned with only the 
thin black fissile shale member of the cyclothem. 

The senior author has been interested for 
some years in areal variations among black 
fissile shales. Applications of conventional 
particle-size and mineral analysis are hindered, 
however, by the fine grain size, the difficulty of 
disaggregation, and the flocculating effects of 
ferrous ions and organic matter. Within the 
past few years interest was reawakened by 
recognition that the low-level radioactivity of 
the shales is susceptible of accurate measure- 
ment. Thus, alpha-particle emission may be 
used to study the areal variation in at least one 
attribute of the shale apparently related to the 
depositional environment. 


PURPOSE OF THE STUDY 


Preliminary sampling experiments described 
in a later section show that radioactivity of 
cyclothemic black fissile shale varies widely 
among closely spaced samples without display- 
ing any consistently higher values at the top or 
bottom of the unit. In a statistical sense these 
findings suggest that the black fissile shale can 
be treated as a single homogeneous sampling 
stratum. It was accordingly decided to apply 
statistical design to the problem of estimating 
average radioactivity over an extensive area, as 
well as to detect the presence of any significant 
regional gradients in the radioactivity. 

The present paper illustrates a statistical de- 


sign believed to be applicable to a variety of 
sampling problems in geology. The thin black 
fissile shale, averaging about 3 feet in thick- 
ness, is treated as a single sampling unit, but 
the design can be extended to thicker shales 
having several zones of concentration or change. 
Such extension involves mainly the superpo- 
sition of additional sampling strata on the basic 
plan. Some of the design elements in more 
elaborate sampling plans are touched upon 
later. 
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STRATIGRAPHIC RELATIONS OF BLACK 
FIssILE SHALE 


Black fissile shale is member number 8 in 
Weller’s “ideal cyclothem” of western Illinois 
(Weller, unpublished 1933 ms.; see also William 
and Payne, 1942, p. 86). Coal is member num- 
ber 5, and in the ideal cyclothem the black shale 
is separated from the coal by gray shale and 
argillaceous marine limestone. In most western 
Illinois cyclothems these two members are 
missing, and the black fissile shale (if present) 
lies directly above the coal. 

Extensive mapping of cyclothems by Weller 
and Wanless (Weller, 1930; Wanless, 1931; 
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Wanless and Weller, 1932) has shown that the 
black fissile shale is one of the most persistent 
members of those cyclothems in which it occurs. 
The shale is usually relatively thin, seldom ex- 
ceeding several feet in thickness, and more 
commonly averaging 3 feet or less. The dis- 
tinctive characteristics of the shale, and its 
association with a particular set of beds in a 
cyclothem permits easy correlation over wide 
areas. 

The senior author’s experience with Pennsyl- 
vanian black shales has been mainly with lower 
Desmoinesian cyclothems in western Illinois 
and parts of Missouri, Kansas, and Oklahoma. 
In selecting a black shale for the present study, 
it was desirable to find one that could be 
sampled over a large area. At the suggestion of 
J. A. Simon, Head of the Coal Division of the 
Illinois State Geological Survey, the black shale 
overlying the Herrin (No. 6) coal of western and 
southern Illinois was selected. Mr. Simon made 
available a large amount of subsurface data and 
gave every aid in location of suitable sampling 
localities. 

Coal No. 6 occurs in the Brereton cyclothem 
(Wanless, 1931) which straddles the McLeans- 
boro-Carbondale contact in earlier strati- 
graphic classification. The cyclothem occupies 
a position near the top of the Desmoinesian 
(Moore e¢ al., 1944), and its limestone member 
is equivalent in part to the Fort Scott Limestone 
of the mid-continent. 

The Brereton cyclothem varies somewhat in 
character along its outcrop belt in Illinois. In 
north-central Illinois the basal member is the 
Vermilionville sandstone. Coal No. 6 is prom- 
inently developed and extensively mined, 
and the black fissile shale occurs at some 
distance above the coal, separated from it by 
gray shale and thin sandstone. The Brereton 
limestone lies above the black shale. 

In western Illinois the basal sandstone of the 
Brereton cyclothem locally develops into a 
channel sand, the coal is somewhat thinner than 
it is farther north, and the black fissile shale lies 
immediately above the coal. In southwestern 
Illinois the basal sandstone is missing, the coal 
is well developed and extensively mined, and 
the black fissile shale lies directly on the coal, 
with a well-developed marine limestone above. 


AREAL DISTRIBUTION OF BLACK FISSILE 
BRERETON SHALE 


Although the black fissile shale is a persistent 
member in the Brereton cyclothem, it is not 
everywhere equally well developed. In some 
mines the black shale in the roof is irregularly 
interrupted by patches of gray shale or by local 
areas in which the overlying limestone forms 
the coal roof. Instances are known in which 
small lenses of gray shale lie between the coal 
and the black shale, so that when seen in the 
mine roof, the black shale is missing. There are 
other instances where gray shale occupies the 
position between coal and limestone in mines 
and boreholes. In western Illinois the Brereton 
black shale commonly seen in outcrop is absent 
locally (Wanless, 1931). 

The occurrence of several kinds of black shale 
in parts of the Brereton cyclothem also makes 
it difficult to interpret subsurface bore-hole 
data unless cores are available. Driller’s logs 
may record 20 feet or more of black shale over- 
lying Coal No. 6, but later information shows 
that only a few feet are fissile in the sense used 
here. The Illinois State Geological Survey files 
contain thousands of borehole records, and this 
information was summarized on a township 
basis through the courtesy of J. A. Simon. The 
records were interpreted in the light of Mr. 
Simon’s experience and probably provide the 
best set of thickness data now available. 

The data compiled by Mr. Simon were ar- 
ranged into an isopach map by the writers 
(Fig. 1). The number of observations ranged 
from one or two to more than 50 per township, 
but because of the questionable value of some 
of the records and the great variability in ad- 
jacent boreholes the map was prepared as a 
generalization of the maximum thickness en- 
countered in each of the more than 150 town- 
ships for which data were available. The aver- 
age thickness is less than 3 feet. 

The regional maximum-thickness pattern of 
the black fissile Brereton shale is patchy and 
irregular, although several east-west belts of 
thicker and thinner shale may be seen. There is 
no marked thickness gradient along or across 
the map, since the range from 0 to 5 feet occurs 
over the whole map area. The areas of zero 
thickness have patches of shale, but these are 
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too small and irregular to be shown on the map. 
Similar irregularities occur in other thickness 
areas, and a large-scale map would show 
greater spottiness. 


No evidence was found that the upper or lower 
portions of the fissile shale were consistently 
more radioactive than the samples taken from 
interior points. 
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FicurE 1.—Isopach Map or Biack FissiLE BRERETON SHALE, SOUTHWESTERN ILLINOIS 
Contours indicate maximum thickness encountered in outcrops and boreholes. Dashed lines enclose 


areas of essentially no black fissile shale. 


RADIOACTIVITY OF BLACK FIssILE SHALES 


Black fissile shales of cyclothems display a 
low level of radioactivity. In 1952, the writers 
conducted experiments on scattered samples 
obtained in large part from the Illinois State 
Geological Survey. The writers noted a ten- 
fold variation in alpha-particle emission and 
conducted preliminary sampling experiments 
to determine whether the fissile shale is uniform 
in its radioactivity. Samples from the top and 
bottom contacts in several areas were compared 
with samples from within the shale, and the 
radioactivity was highly variable throughout. 


A formal experiment of this type is reported 
elsewhere (Slack and Krumbein, 1955). Four 
vertical sections were taken through the 20- 
inch bed of black fissile shale above Coal No. 6 
in a strip mine in southern IIlinois (Saline 
County). The first section was randomized 
along the mine wall and the other sections laid 
off at 10-foot intervals. Each vertical section 
was divided into four sampling strata consisting 
of the top and bottom 2 inches and two central 
zones each 8 inches thick. Four samples were 
taken at random in each sampling zone. In this 
experiment probability samples were used to 
provide a more rigorous test, although the 
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samples were continuous through the top and 
bottom sampling zones, varying only slightly in 
their horizontal placement. Half of the 64 
samples were thus collected within 2 inches of 
the top or bottom contacts, and the interior 
samples covered substantially the complete 16 
inch thickness of the central sampling zones. 

A statistical hypothesis was set up to the 
effect that no significant differences were 
present between the four vertical sections along 
the shale bed or between the four sampling 
zones within the bed. Analysis of variance 
showed no significant differences in either direc- 
tion at the conventional 5 per cent significance 
level. From this and other experiments it was 
inferred that the black fissile shale has no sig- 
nificantly high radioactivity concentration near 
the contacts and no interior zones of sig- 
nificantly higher radioactivity over the area 
sampled. In a sampling sense this implies that 
all samples in each grid could have been drawn 
from a single homogeneous radioactivity popu- 
lation. The practical application is that the thin 
black fissile shale may be treated as a single 
sampling stratum. Had there been evidence of 
a higher concentration of radioactivity at the 
top, for example, the biack fissile shale could 
have been divided into two or more sampling 
strata, each subject to its own sampling plan. 

The radioactivity of the black fissile shale 
was measured with a Radiation Counter Labo- 
ratory alpha scintillometer containing a 1.5- 
inch diameter activated zinc sulphide phosphor. 
The samples were powdered and placed in a 
source dish of the same diameter as the phos- 
phor, to a depth sufficient to be considered in- 
finitely thick for alpha-ray emission. Counts 
were recorded by a conventional scaling device. 
Additional details of the collection and analysis 
of the count data are given in Slack and Krum- 
bein (1955). 

A sample of the black shale was analyzed for 
its uranium content through courtesy of T. F. 
Bates. This analysis provides a conversion 
factor from alpha counts to uranium content. 
Under the experimental conditions used, 1 
alpha particle per minute per 1.5-inch diameter 
circle of powdered shale is equivalent to 0.0031 
per cent of uranium. Although these analytical 
data provide a basis for relating the alpha- 
particle counts to uranium content of the shale, 


the treatment in this paper is based on the 
alpha-particle data. 


DESIGN OF SAMPLING PLAN 
General Statement 


The small-scale sampling experiments on the 
black fissile Brereton shale led to the conclusion 
that the unit could be treated as a single 
sampling stratum. Where this condition holds, 
the design of a sampling scheme is greatly 
simplified. However, where the study concerns 
thicker shales in which color, fissility, radio- 
activity, texture, or other characteristics vary 
from top to bottom, an important element in 
the sampling design is the division of the total 
shale thickness into natural sampling strata on 
the basis of the observed properties. Each 
sampling stratum would then be equivalent to 
the single sampling stratum of this study. 

Subdivision of thick rock bodies into thinner, 
more homogeneous units for sampling repre- 
sents the statistical process of “stratification”. 
Stratified sampling in such cases carries the ad- 
vantage that the variability within any stratum 
is less than the total variability that would be 
encountered if the samples were distributed 
over the whole major unit. Selection of the thin 
black fissile shale above Coal No. 6 involved 
stratification of the total population of all black 
shales to the particular subpopulation of black 
fissile shale in a specific cyclothem. Moreover, 
restriction of the sampling to unaltered portions 
of the shale represents additional stratification 
within the sampling unit. Stratification may be 
carried further, but with each extension the 
inferences drawn from a stratum become in- 
creasingly restricted to that part of the total 
population. 

Although the black shale unit is here con- 
sidered as a single homogeneous sampling 
stratum, the ten-fold variability in radio- 
activity requires closely spaced samples on the 
one hand to obtain necessary local detail, and 
widely spaced samples on the other to include 
the broader regional effects. The problem is 
similar to many other geological investigations 
in which a knowledge of the detailed section is 
required at the outcrop level, and yet the out- 
crop (or well) data must be fitted together to 
provide an adequate regional picture. 


li 
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Several choices are available in the specific 
method of sampling thin stratigraphic units. 
Channel samples extend through the total 
thickness, but unless each thin layer is analyzed 
separately, the variability within the unit is 
averaged out. Moreover, the number of lo- 
calities where complete channel samples could 
be collected was limited, and their use would 
severely limit the areal scope of the study. Re- 
liance was accordingly placed on hand-specimen 
sized samples collected on a probability basis 
(Cochran, Mosteller, and Tukey, 1954) to pro- 
vide a larger area for study and to permit 
estimation of sample-to-sample variability in 
the unit. It was felt that the risk of missing 
thin highly radioactive layers was slight on the 
basis of the preliminary sampling experiments. 
Unless such layers were relatively numerous 
and widespread it seems doubtful that they 
would do more than affect the regional mean 
slightly and inflate the variability at local or 
intermediate sample spacings. If the layers were 
numerous, probability sampling should pick 
them up on the average in proportion to their 
relative frequency of occurrence. 

Any sampling design which covers an entire 
area with closely spaced samples would entail 
prohibitive time and cost. Fortunately, the 
problem may be approached by an adaptation 
of multilevel (hierarchical) sampling. This type 
of sampling was introduced into geology by 
Olson and Potter (1954) and Potter and Olson 
(1954) in connection with a regional study of 
cross-bedding in basal Pennsylvanian sands. 
Potter and Siever (1955) extended the method 
to a four-level study of local and regional 
variability in basal Pennsylvanian and upper 
Chester sediments. 

Multilevel sampling may be designed to in- 
clude as many sampling levels as desired. It is 
possible to start with large units as the top 
sampling level, and “‘nest” successively smaller 
sampling units within the large units until 
samples about a foot apart are obtained. Such 
a complete hierarchical design would require a 
large number of samples. It was decided to 
separate the master design into a regional part 
and a local part, the latter including a labora- 
tory subsampling level. This modification of 
standard hierarchical sampling provides widely 
spaced samples in the regional design and 


closely spaced samples in the local design and 
furnishes data on the accuracy of the labora- 
tory measurements. It also reduces the number 
of samples that would be required for a single 
hierarchy having the same number of sampling 
levels. 


Regional Sampling Design 


Multilevel sampling requires selection of a 
master sampling unit of such size that pref- 
erably 10 or more master units will cover the 
area to be studied. The present area is about 
200 miles long and 20 miles wide. This was 
divided into 11 master units, each 3 by 3 town- 
ships on edge. Potter and Siever (1955) refer to 
such units as “supertownships”, and the term 
is retained here, although the master blocks 
need not have 9 townships in every application 
of the design. 

Once the largest units are selected, smaller 
units may be nested within them. In the present 
design two townships were nested in each super- 
township, two mines were nested in each se- 
lected township, and four samples were col- 
lected at each selected mine. The regional 
design thus has four sampling levels. 

The manner of selecting townships, mines, 
and samples deserves comment. The statistical 
model is a randomized block design in which 
townships, mines, and samples are selected at 
random. The largest units are laid out with the 
problem in mind and constitute the major 
blocks used in this study. In some studies the 
major blocks may be selected at random froma 
larger population of blocks. 

Collecting samples at random is considered 
questionable by some geologists. This view is 
justified if the samples are taken with no regard 
to the geological requirements of the study. 
Actually, randomization is a systematic process 
involving some mechanical means, such as 4 
random-number table, coins, dice, or a deck of 
cards. The purpose of randomization is to insure 
that no personal bias enters the sampling plan. 
Before the randomizing process is applied, the 
subject-matter problem is set up so that samples 
can be drawn without invalidating later sub- 
ject-matter decisions or inferences. 

As pointed out, the writers concluded that 
the thin black fissile shale could be treated as 4 
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single sampling stratum. Hence, to provide that 
all parts of the shale have an equal chance of 
entering the sample, a mechanical process may 
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mining area for Coal No. 6 in southwestern and 
southern Illinois. The area was divided into 11 
major sampling units (supertownships) con- 
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FicurE 2.—Townsuip AND SUPERTOWNSHIP LAYOUT FOR REGIONAL SAMPLING PLAN 


be used to eliminate subjective decisions re- 
garding the exact points at which samples are 
to be taken. Restriction of the sampling sites to 
mines, wells, or other localities which provide 
unaltered samples places some restraints on 
complete randomization. When cost, physical 
difficulty of taking samples, or other considera- 
tions limit complete randomization, various 
weighting schemes are available for adjusting 
the data. These added complexities are treated 
in Cochran, Mosteller, and Tukey’s discussion 
of probability and nonprobability sampling 
(1954). 

In laying out the regional sampling design all 
known underground and strip mines, active or 
inactive, were indicated on a work map of the 


sisting of nine townships each (Fig. 2). In 
theory two townships are selected at random 
from each supertownship, and two mines 
selected at random in each chosen township. It 
was found that some townships were blank and 
occasional townships had only a single mine. 
Random numbers were drawn, and if one fell 
on a blank township, another drawing was 
made. This practice probably introduced a 
slight bias into the population variability at the 
level affected. 

As the sampling proceeded north along the 
supertownships, no special difficulties were en- 
countered until supertownships A and B were 
reached. In these only one township in each 
had two or more mines. It was necessary either 
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to modify the sampling design by introducing 
subsamples of unequal size or to obtain two 
mines from adjacent townships. The latter was 
chosen because it seemed preferable to intro- 
duce a slight bias into the variability at this 
sampling level rather than complicate the model 
by introducing an unequal number of sub- 
samples. 

A decision also had to be made regarding the 
manner of collecting samples from each mine. 
Many of the underground mines and some of the 
strip mines were inactive. Thus it was not 
feasible to obtain samples directly from walls or 
roof in most townships. Accordingly, four 
randomized positions were taken on mine 
dumps or spoil heaps where necessary, and 
samples were taken from the most recently 
excavated blocks of black fissile shale at each 
site. 

No other black fissile shale could be present 
in the mine dumps, and they provided a much 
larger choice of sampling localities. Comparison 
of mine-dump samples with others coliected 
from known locations in strip mines showed no 
significant difference between the variances of 
the two groups (Dixon and Massey, 1951, p. 
88). It is believed that this sampling procedure 
did not strongly influence the results of the 
study. 

Experience showed that samples within a 
single strip mine ranged from about 0.1 to 1.5 
miles apart. Assuming that the same order of 
distance applies to samples from mine dumps, 
the regional sampling design provides samples 
on its lowest level about half to three-quarters 
of a mile apart on the average. To extend the 
sampling design to the local outcrop level, one 
of the supertownships with active strip mines 
was selected at random beforehand for a local 
sampling hierarchy. 


Local Sampling Design 


United Electric Fidelity Mine No. 11 
(Duquoin County, Illinois) was selected in 
supertownship I to provide a local hierarchy 
based on four detailed sampling grids. The 
grids were randomized in the mine and ranged 
from 0.25 to 2 miles apart, with an average 
spacing of about 0.7 miles. Hence, the top level 
of the local hierarchy provided about the same 


spacing as the lowest level of the regional 
hierarchy. 

The black fissile Brereton shale averaged 
about 40 inches thick in the grids. Each grid 
area was divided into four major rectangles 20 


TABLE 1.—AVERAGE SPACING OF 
SAMPLE LOCATIONS 


(a) Regional Design 
Between adjacent supertownships 


(center to center) 18.0 miles 
Between townships within  super- 

Between mines within townships. . 3.1 miles 
Between samples within mines. .... 0.5 miles 

(b) Detailed (Local) Design 

Between grids within a mine..... 0.7 miles 
Between major units within grids... . 4.6 feet 
Between minor units within major 


Between samples within minor units _0..5 feet 

Between replicates within samples. . (subsamples 
split from 
powdered 
material) 


inches by 5 feet, and each major rectangle was 
subdivided into four minor rectangles, each 10 
inches by 2.5 feet. (See Fig. 5, Appendix.) In 
each case the position of the first vertical was 
randomized on the exposure. All exposures were 
recent and unweathered. 

In sampling from the grids, two major 
rectangles were selected at random in each 
grid, two minor rectangles were selected at 
random in the chosen major rectangles, and 
two samples were taken at random from the 
selected minor rectangles. The samples within 
the minor rectangles averaged less than a foot 
apart. 

The local grids provide data for estimates of 
within-mine variability at several sampling 
levels. Table 1 indicates how the regional and 
local hierarchies tie together to provide seven 
levels of sampling, ranging from points less than 
a foot apart within a mine to locations about 
18 miles apart between adjacent supertown- 
ships. In addition, an eighth level is provided 
for estimating the laboratory error from dupli- 
cate analyses of the grid samples. 

If a single hierarchy were used to collect 
samples spaced from 18 miles to half a foot 
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apart, it would have been necessary to prepare 
four grids at each mine and in essence repeat 
the local grid 44 times, yielding a total of 44 by 
32, or 1408 samples. By separating the master 


mer Mill. Subsamples of the powdered material 
were then withdrawn for measurement in the 
alpha scintillometer. The time required for 100 
alpha particles was recorded and the data ex- 


TABLE 2.—RADIOACTIVITY OF BLACK FissILE BRERETON SHALE 
(Alpha particles per minute, regional samples) 


Supertownships 
Townships | Mines} Samples 

A B Cc D E F G H I J K 

I a 1 1.20 | 2.97 | 1.04 | 2.30 | 1.17 | 5.10 | 2.08 | 2.79 | 2.07 | 3.77 | 4.89 
2 1.46 | 1.76 | 1.04 | 4.38 | 0.92 | 2.17 | 3.67 | 1.05 | 2.22 | 2.10 | 1.60 

3 1.63 | 1.82 | 1.59 | 3.85 | 1.24 | 1.38 | 0.86 | 1.60 | 1.14 | 4.48 | 2.27 

4 3.17 | 2.23 | 1:99: | 1.201 3.67 | 2.821 2.73 

b 1 1.70: | 3:47 | 3.47 | 3.87 |. 8.67 | 3.05 | 1.12 | 1.21 | 0.83 | 1.85 | 2.00 

2 1.34 | 5.77 | 2.71 | 1.04 | 3.97 | 4.57 | 4.90 | 0.87 | 1.36 | 1.61 | 7.23 

3 1.55.1 2.57 | 3.30 | 3.33 | 1.66.| 0.99 | 1.80 1 1.30 | 2:93 | 1:63 | 2.18 

4 2.50.) 3.18 | 3.43: | 3.37 | | 3.97 | 1.58) 

II a 1 2.33 | 2.33 | 2:62 | 2.12.) 1.66 | 1.34 | 1.33 | 1.52 | 1.261 2:93.) 
2 0.90 1.28 | 2.73: | 2.29: | 2.26 | 4.43 3.33 | 8.25 | 1.29 | 2.98 | 1:81 

3 2.66 | 1.52 | 2.57 | 4.37 | 1.53 | 6:62 | $.97 | 2.76 1.23 | 1.46) 1.271 

4 2.48 | 2.00 | 2.62 | 6.13 | 1.92 | 3.33 | 1.07 | 1.78 | 0.88 | 2.43 | 1.97 

b 1 3.03 | 1.98 | 1.19 | 5.47 | 1.22 | 3.10 | 1.02 | 3.70 | 0.95 | 2.08 | 1.58 

2 3.30 | 1.41 | 3.83 | 2.22 | 1.06 | 5.63 | 0.99 | 1.37 | 1.02 | 1.73 | 1.37 

3 2.93 | 1.38 | 7.47 | 4.00 | 1.20 | 3.47 | 4.00 | 0.98 | 0.84 | 1.19 | 1.19 

4 4.68 | 1.96 | 1.42 | 2.48 | 1.58 | 1.06 | 1.43 | 2.20 | 0.84 | 2.23 | 4.60 


hierarchy into two parts at the samples-within- 
mines level, the project required only 176 re- 
gional and 32 local samples, roughly 15 per cent 
of those required by the complete design. This 
modification of standard hierarchical designs 
thus has some advantages over complete de- 
signs where considerations of time or cost are 
involved. 

There is a risk involved in combining two 
hierarchies in this manner, inasmuch as the 
single randomly selected mine could depart 
widely from the average regional radioactivity. 
It was anticipated from the preliminary studies, 
however, that no strong radioactivity gradient 
is present regionally, so that although the two 
hierarchies do not yield identical numerical re- 
sults, the complete data provide estimates of 
sampling variability of the entire range of 
sample spacing. 


ANALYSIS OF THE SAMPLES 


Procedure 


The field samples were crushed through a 
}é-mm screen ina Raymond Laboratory Ham- 


pressed as alpha particles per minute per 1.5- 
inch diameter circle of powder. The samples 
were measured in random order to avoid any 
possible bias from using the same order as used 
in the field collection. 


Statistical Treatment of the Data 


The observational data for the regional 
samples are listed in Table 2 and for the local 
samples in Table 3. Observations based on 
counts represent samples drawn from a Poisson 
distribution (Slack and Krumbein, 1955) and 
as such the spread of the distribution (variance) 
is equal to the mean value. A square-root 
transformation is appropriate for statistical 
analysis in such cases (Bartlett, 1947; Kemp- 
thorne, 1952, p. 153). This transformation 
stabilizes the variance and permits probability 
statements to be made about the results. Tests 
for variance stability are given in Dixon and 
Massey (1951, p. 147) and were applied in the 
preliminary studies. Statistical analysis in this 
paper is based on the square roots of the values 
in Tables 2 and 3. 
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The average value of the radioactivity for the 
complete set of regional samples was 2.42 alpha 
particles per minute per 1.5-inch circle of 
powdered shale. This represents the grand mean 
of the raw data, and it is equivalent to a mean 


TABLE 3.—RADIOACTIVITY OF Brack FISSILE 
BRERETON SHALE 


(Alpha particles per minute, local data) 


Grids 
Major | Minor | Samples | 
1 2 3 4 
1 | A 1 a |1.20/1.02/1.70]1.52 
b 
2 
b .09 
B 1 |1.202.500.92/2.97 
b 
2 a 
b |3.96|1.93 1.02)3.19 
m|A 1 a 
b 
2 a 
b 
B 1 a 1.57 0.86 0.840.98 
b /1.270.710.800.84 
2 a |1.360.820.85)1.03 
b 1.03 0.91 0.930.88 


uranium content of 0.0075 per cent. Confidence 
limits may be placed around the grand mean 
by using the corresponding mean of the square- 
root transformed data and converting the 
limits to the raw-data equivalent. Computa- 
tions are shown in the Appendix and indicate 
that the grand mean of the raw data has (to a 
first approximation) a 95 per cent probability of 
lying between 1.96 and 2.50 alpha particles per 
minute per 1.5-inch circle of powdered shale. 
The equivalent uranium values are 0.006 to 
0.008 per cent. 

A single observation in any multilevel 
sampling design is subject to variations as- 
sociated with each level of the hierarchy, and 
these variations need to be isolated to evaluate 
the data. The specific model used in the present 
design is described in the Appendix to this 
paper. The statistical treatment of the trans- 
formed data consists of estimating the variance 
contribution associated with each sampling 
level. The method used is analysis of variance, 


and the standard procedures are given in 
Anderson and Bancroft (1952, p. 325), Olson 
and Potter (1954), Potter and Olson (1954), 
Cochran (1953, Chap. 10), Bennett and 


TABLE 4.—ANALYSIS OF VARIANCE AND VARIANCE 
CoMPONENTS 


(Regional samples) 
(a) Analysis of Variance 


Degrees} 
Sum of M 
Source squares — 


Between supertownships | 3.7479 | 10 | 0.3748 
Between townships within 


supertownships....... 3.5079 | 11 | 0.3189 
Between mines within 

townships............ 4.5989 | 22 | 0.2090 
Between samples within 

21.3174 | 132 | 0.1615 


(b) Variance Components 


= 
Level Difference Be, 
Supertownships.........| 0.0559 | 16 | 0.0035 
Townships..............+ 0.1099 8 | 0.0137 
rere 0.1615 1 | 0.1615 


Franklin (1954, p. 358), and Potter and Siever 
(1955). 

Table 4 shows the results of the statistical 
analysis for the regional data. The upper part 
of the table lists the mean squares in the last 
column, and these are used as a basis for the 
estimates of variance components shown in the 
last column of the lower part of the table. It is 
apparent from the relative values that the 
variance “pay-off” is at the lowest regional 
sampling level. This means that most of the 
fluctuations among the observations in Table 
2 occur between samples within mines. This 
large contribution to the total variability may 
be further analyzed by using the data from the 
local sampling design. 

Table 5 shows the analysis of variance and 
variance components for the local hierarchy. 
The experimental data suggest that there is no 
real variance contribution at the grid level, 
which is equivalent to the sample level in the 


4 
4 | 
| | 
al 
4 
3 
a 


ven in 
Olson 
(1954), 
t and 


.RIANCE 


).0035 
).0137 
).0119 
).1615 


Siever 


istical 
r part 
e last 
or the 
in the 
. It is 
t the 
tional 
f the 
Table 
This 
may 
n the 


and 
rchy. 
is no 
level, 


1 the 


ANALYSIS OF THE SAMPLES 749 


regional design. The main variance contribu- 
tions occur at the minor unit level and at the 
closely spaced samples-within-minor-units level, 
which represent sample spacings of about 2 feet 


TABLE 5.—ANALYSIS OF VARIANCE AND VARIANCE 


CoMPONENTS 
(Local samples) 
(a) Analysis of Variance 
Sum of Degrees Mean 
Source squares — square 
Between grids (within a 
Between major units 
within grids.......... 1.6359 4 | 0.4090 
Between minor units 
within major units. ...| 2.5948 8 | 0.3244 
Between samples within 
minor UNIS. 1.6013 16 | 0.1001 
Between replicates within 
ee eee 0.1210 | 32 | 0.0038 
(b) Variance Components 
Level Difference Com- 
size” ponent 
—0.4002} 16 0.0000 
0.2243) 4 | 0.0561 
0.0963) 2 | 0.0482 
0.0038; 1 | 0.0038 


and half a foot, respectively (Table 1). The 
much lower variance contribution of the repli- 
cates within samples (duplicate analyses) is 
evidence of the lack of appreciable laboratory 
error in the study. 

As far as the levels in the local hierarchy are 
concerned, the variance pay-off is about evenly 
split between the closely spaced sampling level 
and the next higher level. It would be possible 
to attach a third hierarchy of sampling, with 
samples a few inches or centimeters apart. It is 
anticipated that the variance contribution of 
0.0482 at the sample level in Table 5 would be 
spread over several additional levels, inasmuch 
as laboratory studies of black-shale radio- 
activity (Bates, 1953) have shown that the 
radioactivity varies strongly on a single micro- 


scope slide. On this basis, it would appear that 
the largest variance component is contributed 
at the minor-unit-within-grids level in the local 
hierarchy, and at the township and mine levels 
in the regional hierarchy. 

These estimates of the relative importance of 
variance components at the sampling levels 
carry certain implications about optimum 
spacing of samples. Assuming that the original 
inference of a single homogeneous sampling 
stratum is justified, the results indicate that 
samples need not be collected closer than about 
2 feet apart along single outcrops in order to 
estimate local mean radioactivity values. Simi- 
larly, on a regional basis, either the mine or the 
township may be used as an appropriate 
sampling level to study regional variations. 

In part, sample spacing depends upon the 
uses to be made of the data. These uses are of 
two general kinds. One is to estimate mean 
values at different sampling levels, and the 
other is to study areal variations in the meas- 
ured attribute. In most geological problems the 
regional mean value is of less importance than 
an evaluation of the regional variation in radio- 
activity. Such areal variation is best shown on 
maps, and the sample spacing would be chosen 
at that level which most effectively brings out 
the regional trends. 

The mean squares in Tables 4 and 5 may be 
used to test certain statistical hypotheses about 
the homogeneity of the black-shale radio- 
activity locally and regionally. Several such 
hypotheses are illustrated in the Appendix. 


RADIOACTIVITY Maps 


The discussion in the preceding section, and 
the results of the statistical tests in the Ap- 
pendix indicate that regional maps of black 
fissile Brereton shale radioactivity may be 
based either on townships or mines as appropri- 
ate sampling levels. Several working maps were 
prepared by using (1) the average of 16 sample 
values in each supertownship, (2) the average 
of 8 sample values in each sampled township, 
and (3) the average of 4 sample values from 
each mine. The maps all showed essentially the 
same pattern, with increasing smoothness of 
contours and a somewhat lessened range of 
values as additional samples were included in 
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the averages. Figure 3, based on 4 samples per 
mine, is shown here as an example. The control 
points are the mines shown in Figure 2. 


basis showed no significant correlation, there 
may in fact be a genetic basis for an inverse 
relationship between shale thickness and radio- 
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FicurE 3.—RapDIOACTIvITY Map oF BLACK FIssILe BRERETON SHALE 


The radioactivity map shows no marked 
over-all regional gradient from north to south, 
although a band of higher values trends across 
supertownships C and D and a high area lies in 
E and F, whereas lower values dominate in 
supertownships H, I, and J. Statistical tests de- 
scribed in the Appendix suggest that at the 
supertownship level there is some regional 
heterogeneity in radioactivity, which becomes 
more marked at the township and mine levels. 

The radioactivity map is similar in some re- 
spects to the isopach map (Fig. 1), and com- 
parison of the maps suggests that high radio- 
activity values may be associated with smaller 
shale thicknesses, as in super-townships C and 
D. Although a scatter diagram on a township 


activity. The writers are indebted to Dr. John 
L. Rich of the University of Cincinnati (Per- 
sonal communication) for suggesting that the 
more bituminous parts of the shale, presumably 
richer in radioactivity than other parts with 
less organic (kerogen) content, would be sub- 
ject to greater compaction after burial than 
those parts with higher silt and clay content. 
By this process the areas where silt and clay are 
most abundant relative to kerogen would now 
have, relatively, the thickest shale and lowest 
radioactivity per unit, whereas where the 
kerogen content was greatest the shale thickness 
would be relatively least and the radioactivity 
per unit would be highest. 

The selection of the mine or township level 
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as the basis for regional radioactivity mapping 
in this study implies collection of more than a 
single sample at each control point. Figure 3 is 
based on means of four individual values and 
hence averages out the local extremes that may 
occur in individual samples. The use of averages 
for regional mapping has a bearing on facies 
mapping of stratigraphic units. Most facies 
maps use single wells or outcrops as control 
points. A design which permits averaging of 
several wells at each regional control point 
would smooth the facies lines in the same 
manner as in the radioactivity map. In facies 
mapping the problem is complicated by the 
wide spacing of wildcat wells in some areas. 
Commonly a decision must be made between 
the advantage of using averages and the risk of 
failure to detect significant facies changes if 
individual values are combined. Potter and 
Siever (1955) discuss some of the implications 
of control-point spacing in their study of basal 
Pennsylvanian and Upper Chester sandstones 
and limestones. 

Multilevel designs provide irregularly spaced 
control points for contour mapping (Fig. 3). 
Composite models that extend the multilevel 
design to include data for estimating regional 
gradients in rows and columns of major 
sampling units are discussed elsewhere (Krum- 
bein, 1955). These composite models may be 
supplemented with evenly spaced control 
points to provide a more uniform basis for 


mapping. 


ENVIRONMENT OF BLACK FISSILE 
SHALE DEPOSITION 


The thickness map (Fig. 1) carries several 
implications regarding the environment in 
which the Brereton black fissile shale was de- 
posited. There is no evidence of an erosional 
break between the shale and the overlying 
marine limestone. This suggests that the 
original conditions of accumulation were ir- 
regular, such as would occur if the shale were 
deposited on an essentially flat plain with 
minor surface irregularities transgressed by 
marine or brackish waters. 

Moore (1929) presented an analysis of 
probable environmental conditions during the 
Pennsylvanian period: 


“The uniformity and very great extent of many 
of the Pennsylvanian coal beds and immediately 
associated strata can mean only that a featureless 
swampy plain extended throughout the area of 
coal deposition. The plain was not necessarily 
horizontal, for a slope sufficiently low to make 
movement of water sluggish would, in a nearly 
flat humid region, permit development of broad 
swamps. It is conceivable, indeed, that any slight 
existing drainage may have been so ill organized 
that open waterways were practically nonexistent, 
= water moving as an extremely sluggish sheet 

low. 


Inasmuch as the Brereton black fissile shale 
lies immediately above Coal No. 6, the coal 
swamps were probably invaded by marine 
waters which may have spread slowly over the 
essentially horizontal surface. Such marine in- 
vasions may occur without substantial wave 
action (Keulegan and Krumbein, 1949), thus 
permitting deposition of marine sediments 
above the coal with essentially no widespread 
or intensive reworking of the older deposits. 

Variations of water depth in the swamps and 
irregularities in the peaty surface, as well as 
broad shallow channels in the swamp would 
provide a pattern of distribution of the initial 
invading sea water similar to that in Figure 1. 
Normal open circulation of the water was ef- 
fectively restricted, as attested by the proper- 
ties of the black shale. 

The shale contains abundant organic matter 
and yields’ oily fumes on heating. It may 
locally grade laterally into canneloid shale or 
cannel coal. Fossils in the shale include phos- 
phatic brachiopods, (linguloids and discinids), 
small articulate brachiopods (A mbocoelia), thin- 
shelled depauperate pelecypods, occasional 
ammonoids, some fish remains, conodonts, and 
spores. The fossils are crushed nearly flat. 

The fissile shale is relatively rich in iron 
sulphide, present as pyrite in disseminated 
grains, nodules, and fossil replacements. Phos- 
phatic nodules may occur, and sideritic con- 
cretions, many of which are large, are common 
in the black fissile shales of some cyclothems. 
The clay minerals in the black shale are com- 
monly dominantly illitic. 

The presence of organic matter, pyrite, phos- 
phatic nodules, siderite, and an aberrant fauna 
with few calcareous representatives implies a 
depositional environment of low oxygen content 
(negative Eh) and mildly alkaline or slightly 
acidic conditions (pH between 6.9 and 7.8). 


is 
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These are the characteristics of a humid re- 
stricted (euxinic) environment (Fleming and 
Revelle, 1939; Krumbein and Garrels, 1952). 
Moore (1929) suggested a combination of ex- 
treme shallowness providing too little depth for 
open circulation or effective wave agitation, 
and sufficient sunlight to promote abundant 
plant growth and partial decay as important 
features of the environment required for quiet 
undisturbed accumulation of a humous or bi- 
tuminous muck. 

Possibly, the marginal phases of the invading 
sea carried the black shale environment with 
them as the sea advanced eastward or north- 
eastward across Illinois. The partially stagnant 
conditions set up by the initial shallow marine 
waters as they invaded the coal swamp would 
be succeeded by open circulation conditions 
accompanied by Brereton limestone deposition 
as the water deepened and cleared. Alterna- 
tively, if the black shale was deposited simul- 
taneously over its whole area of occurrence, 
subsequent limestone deposition would require 
removal of the restrictions to provide normal 
marine open-circulation conditions. 

The local occurrence of gray clay shale di- 
rectly above the coal suggests that open circu- 
lation conditions prevailed here and there 
during the initial stages, permitting deposition 
of normal fine-grained detrital sediments. The 
absence of black shale in local areas where the 
Brereton limestone lies directly on the coa- 
suggests that these areas were not covered by 
the initial marine invasion, but became sites of 
deposition as the water deepened and per- 
mitted normal marine accumulation of car- 
bonates. 

The crushed fossils in the black shale support 
the inference that the material accumulated as 
a humous or bituminous muck with several 
times its own volume of water. Subsequent 
compaction squeezed out the water and crushed 
the fossils. This process probably also accounts 
for development of the laminae. Pettijohn 
(1949, p. 459) suggests that the initial volume 
of the sediment was perhaps five times its 
present thickness. The present average thick- 
ness of the Brereton black shale ranges from 
about 18 to 36 inches, so that the colloidal muck 
could be about 7 to 15 feet thick. 

Studies by Bates and co-workers (1953) 


show that uranium in the Chattanooga black 
shale is associated with the pyrite-organic-clay 
complex, apparently very finely disseminated 
through the rock. The writers believe that the 
spotty dissemination of radioactivity in the 
black fissile Brereton shale represents substan- 
tially the same kind of distribution of uranium 
as in the Chattanooga. Marine plants and other 
organisms probably played a part in extracting 
and fixing uranium ions from the sea water 
(McKelvey and Nelson, 1950). The ions would 
be disseminated through the partially decayed 
colloidal muck and could have become associ- 
ated with iron sulphide formed in the restricted 
environment as well as with accumulating 
detrital clay. 

The absence of high radioactivity at the black 
fissile shale contacts and of any unusual radio- 
active “hotspots” in local areas of the region 
mapped support the inference that the uranium 
was associated with the depositional environ- 
ment, rather than having been introduced by 
wholly diagenetic processes. Diagenetic changes 
would be concentrated at contacts or in lo- 
calized areas where structural, ground water, or 
other conditions favored secondary concen- 
tration. 

Some of the statistical tests described in the 
Appendix (Table 6) support the inference of 
primary environmental control. The tests fail 
to show that the variation in radioactivity be- 
tween sampling units of any size is significantly 
greater than that between the next smaller 
units nested within them. This means that al- 
though the townships, for example, may differ 
among themselves in their radioactivity, there 
is no tendency for them to show greater vari- 
ability in radioactivity than is shown by the 
mines within them. This relative uniformity at 
successive levels extends through the hierarchy 
until individual samples within a local grid are 
reached. 

The results of these tests, which show no 
evidence of secondary concentration of radio- 
activity such as would be likely to occur if 
diagenetic changes were operative in some 
parts of the map area, suggest that the over-all 
spottiness of radioactivity is characteristic of 
the entire sampling hierarchy. The use of about 
200 samples, from six sampling levels at spac- 
ings of 6 inches to 18 miles, with samples col- 
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lected on a probability basis, from an inferred 
homogeneous sampling stratum about 3 feet 
thick, is believed by the writers to include a 
wide enough range of areal units to have picked 
up secondary concentration if it were present. 


CoNCLUSION 


Increasing emphasis on regional analysis 
during recent years poses numerous problems 
on the amount of detail to be included in a 
study. Choice has to be made between two 
extremes: examining every well and outcrop, 
or selecting relatively widely spaced control 
points which it is hoped will provide an ade- 
quate regional picture. Statistical design, es- 
pecially with multilevel sampling models, can 
play a large part in this choice of alternative 
sampling plans. 

The present study, based on a thin strati- 
graphic unit that can be correlated with con- 
fidence, and apparently free from any serious 
sample stratification problems, seemed to offer 
an opportunity for application of a standard 
sampling model. The use of two interlocked 
hierarchies represents a modification of the 
standard multilevel design and illustrates one 
way estimates of variability for closely spaced 
samples can be made from a reasonable number 
of observations at one or a few localities in the 
region. In regional terms it was seen that sample 
spacing based on mines in a township (about 
3 miles apart) or on townships within a super- 
township (about 9 miles apart) provide ade- 
quate data for regional mapping of black fissile 
Brereton shale radioactivity. If a map is the 
primary objective, the sampling localities would 
presumably be laid on a grid, with several 
samples averaged for each control point. 

Sampling designs can be applied to geological 
problems more effectively if the stratigraphic 
unit is first “stratified” into relatively ho- 
mogeneous sampling strata. Each stratum may 
then be sampled as a unit in its own right, and 
the data from each stratum can later be com- 
bined for estimates affecting the total unit. 
Cochran (1953) treats stratified sampling in 
some detail. Where desired, it is possible to 
adjust the sample spacing in each stratum to 
obtain equally reliable estimates for each 
Stratum mean. Potter and Siever (1955) dis- 
cuss this aspect of the sampling problem. 


Application of probability sampling in 
geology deserves detailed consideration. To the 
extent that probability samplescan be taken, the 
geologist shifts some of the responsibility for 
valid statistical inferences to the statistician. 
Samples within a stratum need not be taken 
completely at random for this purpose; various 
designs are available (Cochran, 1953) for using 
systematic samples, cluster samples, grid 
samples, and others, each having some mechani- 
cal means of randomization. Problems associ- 
ated with nonavailability of samples (covered 
intervals, lack of outcrops, absence of bore- 
holes) are troublesome in geology, but they 
have their counterparts in other sampling 
fields, and adjustments can be made for such 
situations (Cochran, Mosteller, and Tukey, 
1954). 

The increasing tendency to use standard 
statistical designs in geology suggests that the 
specific model used in this study be made 
explicit to the reader. The following Appendix 
contains this technical material plus some dis- 
cussion of confidence intervals, statistical tests, 
and cost functions as applied in the present 
study. 


APPENDIX 
Statistical Model 


The statistical model used in this study is a 
standard hierarchical design, described by Cochran 
(1953, p. 215), Anderson and Bancroft (1952, p. 
325), Bennett and Franklin (1954, p. 358), Olson 
and Potter (1954), and Potter and Olson (1954). 
The sample layout for the regional design is shown 
in Figure 4. The random variable Xj jum represents a 
single observation on an individual sample in the 
design. The value of the random variable depends 
on the grand mean y, plus a contribution a from the 
4-th supertownship, plus a contribution 6 from the 
j-th township in the i-th supertownship, plus a 
contribution y from the k-th mine in the j-th town- 
ship of the 7-th supertownship, plus a contribution 
8 from the m-th sample from the &-th mine in the 
j-th township of the i-th supertownship. The con- 
tributions a;, --, A:jim are all considered random 
variables with mean zero and variances as indicated 
in the lower left lines of Figure 4. The population 
mean yp is considered a fixed constant. 

The sample layout for a grid in the local hierarchy 
is shown in Figure 5. Here the random variable 
Xyetuy represents a single observation on a laboratory 
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ANALYSIS OF VARIANCE 
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ESTIMATION OF VARIANCE COMPONENTS 
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fi; = comp. due to twp. j,within supertwp i. 
ijn = comp. due to mine k, within twp. j, 
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Mean O and variances Sa, Sp, Sp & 


respectively. 
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a = number of supertwps. 
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number of mines/twp 
= number of samples/mine 
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collected. 
Ficure 4.—StTaTisTiCaAL MoOpEL FOR REGIONAL SAMPLING HIERARCHY 


For convenience of notation and comparison with the mean squares in the analysis of variance table, 
all variances are shown as S*. More rigorously the theoretical variances should be shown as ¢* in the lower 
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ESTIMATION OF VARIANCE COMPONENTS 
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EXPLANATION OF SYMBOLS: 


Xrstuy = @ Single observation. 
Vv = grand mean for mine. 
€r = comp. due to grid r. 


Ors= comp. due to major units, within r. 
Arst= Comp. due to minor unit t,withins, 
within r. 


Prstu= Comp. due to sample u, within t, 


within s, within r. 
%rstuy= COMP. due to replicate v within u, 


within t, within s, within r. 


€r, Ors, Arst, Prstu & Prstuv are independent 
with mean O and variances S2,S8,S{,S3 & 
Sé respectively 
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Ficure 5.—SratisticaL Mopet ror Locat Hoerarcny 
See comment in caption of Figure 4 regarding use of S* in this model. 
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the averages. Figure 3, based on 4 samples per basis showed no significant correlation, there * 
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Ficure 3.—Rapioacrivity Map or BRERETON SHALE 
The radioactivity map shows no marked activity. The writers are indebted to Dr. John 
over-all regional gradient from north to south, L. Rich of the University of Cincinnati (Per- "1 
although a band of higher values trends across sonal communication) for suggesting that the imy 
supertownships C and D and a high area lies in more bituminous parts of the shale, presumably whi 
E and F, whereas lower values dominate in richer in radioactivity than other parts with pos 
supertownships H, I, and J. Statistical tests de- less organic (kerogen) content, would be sub- hee 
scribed in the Appendix suggest that at the ject to greater compaction after burial than oe 
supertownship level there is some regional those parts with higher silt and clay content. orig 
heterogeneity in radioactivity, which becomes _ By this process the areas where silt and clay are regi 
more marked at the township and mine levels. most abundant relative to kerogen would now dep 
The radioactivity map is similar in some re- have, relatively, the thickest shale and lowest eh 
spects to the isopach map (Fig. 1), and com- radioactivity per unit, whereas where the ma 
parison of the maps suggests that high radio- kerogen content was greatest the shale thickness , 
activity values may be associated with smaller would be relatively least and the radioactivity prol 
shale thicknesses, as in super-townships C and _ per unit would be highest. Pen 
D. Although a scatter diagram on a township The selection of the mine or township level 
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as the basis for regional radioactivity mapping 
in this study implies collection of more than a 
single sample at each control point. Figure 3 is 
based on means of four individual values and 
hence averages out the local extremes that may 
occur in individual samples. The use of averages 
for regional mapping has a bearing on facies 
mapping of stratigraphic units. Most facies 
maps use single wells or outcrops as control 
points. A design which permits averaging of 
several wells at each regional control point 
would smooth the facies lines in the same 
manner as in the radioactivity map. In facies 
mapping the problem is complicated by the 
wide spacing of wildcat wells in some areas. 
Commonly a decision must be made between 
the advantage of using averages and the risk of 
failure to detect significant facies changes if 
individual values are combined. Potter and 
Siever (1955) discuss some of the implications 
of control-point spacing in their study of basal 
Pennsylvanian and Upper Chester sandstones 
and limestones. 

Multilevel designs provide irregularly spaced 
control points for contour mapping (Fig. 3). 
Composite models that extend the multilevel 
design to include data for estimating regional 
gradients in rows and columns of major 
sampling units are discussed elsewhere (Krum- 
bein, 1955). These composite models may be 
supplemented with evenly spaced control 
points to provide a more uniform basis for 


mapping. 


ENVIRONMENT OF BLACK FIssILE 
SHALE DEPOSITION 


The thickness map (Fig. 1) carries several 
implications regarding the environment in 
which the Brereton black fissile shale was de- 
posited. There is no evidence of an erosional 
break between the shale and the overlying 
marine limestone. This suggests that the 
original conditions of accumulation were ir- 
regular, such as would occur if the shale were 
deposited on an essentially flat plain with 
minor surface irregularities transgressed by 
marine or brackish waters. 

Moore (1929) presented an analysis of 
probable environmental conditions during the 
Pennsylvanian period: 


“The uniformity and very great extent of many 
of the Pennsylvanian coal beds and immediately 
associated strata can mean only that a featureless 
swampy plain extended throughout the area of 
coal deposition. The plain was not necessarily 
horizontal, for a slope sufficiently low to make 
movement of water sluggish would, in a nearly 
flat humid region, permit development of broad 
swamps. It is conceivable, indeed, that any slight 
existing drainage may have been so ill organized 
that open waterways were practically nonexistent, 
} water moving as an extremely sluggish sheet 

ow. 


Inasmuch as the Brereton black fissile shale 
lies immediately above Coal No. 6, the coal 
swamps were probably invaded by marine 
waters which may have spread slowly over the 
essentially horizontal surface. Such marine in- 
vasions may occur without substantial wave 
action (Keulegan and Krumbein, 1949), thus 
permitting deposition of marine sediments 
above the coal with essentially no widespread 
or intensive reworking of the older deposits. 

Variations of water depth in the swamps and 
irregularities in the peaty surface, as well as 
broad shallow channels in the swamp would 
provide a pattern of distribution of the initial 
invading sea water similar to that in Figure 1. 
Normal open circulation of the water was ef- 
fectively restricted, as attested by the proper- 
ties of the black shale. 

The shale contains abundant organic matter 
and yields oily fumes on heating. It may 
locally grade laterally into canneloid shale or 
cannel coal. Fossils in the shale include phos- 
phatic brachiopods, (linguloids and discinids), 
small articulate brachiopods (A mbocoelia), thin- 
shelled depauperate pelecypods, occasional 
ammonoids, some fish remains, conodonts, and 
spores. The fossils are crushed nearly flat. 

The fissile shale is relatively rich in iron 
sulphide, present as pyrite in disseminated 
grains, nodules, and fossil replacements. Phos- 
phatic nodules may occur, and sideritic con- 
cretions, many of which are large, are common 
in the black fissile shales of some cyclothems. 
The clay minerals in the black shale are com- 
monly dominantly illitic. 

The presence of organic matter, pyrite, phos- 
phatic nodules, siderite, and an aberrant fauna 
with few calcareous representatives implies a 
depositional environment of low oxygen content 
(negative Eh) and mildly alkaline or slightly 
acidic conditions (pH between 6.9 and 7.8). 
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These are the characteristics of a humid re- 
stricted (euxinic) environment (Fleming and 
Revelle, 1939; Krumbein and Garrels, 1952). 
Moore (1929) suggested a combination of ex- 
treme shallowness providing too little depth for 
open circulation or effective wave agitation, 
and sufficient sunlight to promote abundant 
plant growth and partial decay as important 
features of the environment required for quiet 
undisturbed accumulation of a humous or bi- 
tuminous muck. 

Possibly, the marginal phases of the invading 
sea carried the black shale environment with 
them as the sea advanced eastward or north- 
eastward across Illinois. The partially stagnant 
conditions set up by the initial shallow marine 
waters as they invaded the coal swamp would 
be succeeded by open circulation conditions 
accompanied by Brereton limestone deposition 
as the water deepened and cleared. Alterna- 
tively, if the black shale was deposited simul- 
taneously over its whole area of occurrence, 
subsequent limestone deposition would require 
removal of the restrictions to provide normal 
marine open-circulation conditions. 

The local occurrence of gray clay shale di- 
rectly above the coal suggests that open circu- 
lation conditions prevailed here and there 
during the initial stages, permitting deposition 
of normal fine-grained detrital sediments. The 
absence of black shale in local areas where the 
Brereton limestone lies directly on the coa- 
suggests that these areas were not covered by 
the initial marine invasion, but became sites of 
deposition as the water deepened and _ per- 
mitted normal marine accumulation of car- 
bonates. 

The crushed fossils in the black shale support 
the inference that the material accumulated as 
a humous or bituminous muck with several 
times its own volume of water. Subsequent 
compaction squeezed out the water and crushed 
the fossils. This process probably also accounts 
for development of the laminae. Pettijohn 
(1949, p. 459) suggests that the initial volume 
of the sediment was perhaps five times its 
present thickness. The present average thick- 
ness of the Brereton black shale ranges from 
about 18 to 36 inches, so that the colloidal muck 
could be about 7 to 15 feet thick. 

Studies by Bates and co-workers (1953) 


KRUMBEIN AND SLACK—STATISTICAL ANALYSIS OF RADIOACTIVITY 


show that uranium in the Chattanooga black 
shale is associated with the pyrite-organic-clay 
complex, apparently very finely disseminated 
through the rock. The writers believe that the 
spotty dissemination of radioactivity in the 
black fissile Brereton shale represents substan- 
tially the same kind of distribution of uranium 
as in the Chattanooga. Marine plants and other 
organisms probably played a part in extracting 
and fixing uranium ions from the sea water 
(McKelvey and Nelson, 1950). The ions would 
be disseminated through the partially decayed 
colloidal muck and could have become associ- 
ated with iron sulphide formed in the restricted 
environment as well as with accumulating 
detrital clay. 

The absence of high radioactivity at the black 
fissile shale contacts and of any unusual radio- 
active “hotspots” in local areas of the region 
mapped support the inference that the uranium 
was associated with the depositional environ- 
ment, rather than having been introduced by 
wholly diagenetic processes. Diagenetic changes 
would be concentrated at contacts or in lo- 
calized areas where structural, ground water, or 
other conditions favored secondary concen- 
tration. 

Some of the statistical tests described in the 
Appendix (Table 6) support the inference of 
primary environmental control. The tests fail 
to show that the variation in radioactivity be- 
tween sampling units of any size is significantly 
greater than that between the next smaller 
units nested within them. This means that al- 
though the townships, for example, may differ 
among themselves in their radioactivity, there 
is no tendency for them to show greater vari- 
ability in radioactivity than is shown by the 
mines within them. This relative uniformity at 
successive levels extends through the hierarchy 
until individual samples within a local grid are 
reached. 

The results of these tests, which show no 
evidence of secondary concentration of radio- 
activity such as would be likely to occur if 
diagenetic changes were operative in some 
parts of the map area, suggest that the over-all 
spottiness of radioactivity is characteristic of 
the entire sampling hierarchy. The use of about 
200 samples, from six sampling levels at spac- 
ings of 6 inches to 18 miles, with samples col- 
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lected on a probability basis, from an inferred 
homogeneous sampling stratum about 3 feet 
thick, is believed by the writers to include a 
wide enough range of areal units to have picked 
up secondary concentration if it were present. 


CONCLUSION 


Increasing emphasis on regional analysis 
during recent years poses numerous problems 
on the amount of detail to be included in a 
study. Choice has to be made between two 
extremes: examining every well and outcrop, 
or selecting relatively widely spaced control 
points which it is hoped will provide an ade- 
quate regional picture. Statistical design, es- 
pecially with multilevel sampling models, can 
play a large part in this choice of alternative 
sampling plans. 

The present study, based on a thin strati- 
graphic unit that can be correlated with con- 
fidence, and apparently free from any serious 
sample stratification problems, seemed to offer 
an opportunity for application of a standard 
sampling model. The use of two interlocked 
hierarchies represents a modification of the 
standard multilevel design and illustrates one 
way estimates of variability for closely spaced 
samples can be made from a reasonable number 
of observations at one or a few localities in the 
region. In regional terms it was seen that sample 
spacing based on mines in a township (about 
3 miles apart) or on townships within a super- 
township (about 9 miles apart) provide ade- 
quate data for regional mapping of black fissile 
Brereton shale radioactivity. If a map is the 
primary objective, the sampling localities would 
presumably be laid on a grid, with several 
samples averaged for each control point. 

Sampling designs can be applied to geological 
problems more effectively if the stratigraphic 
unit is first “stratified” into relatively ho- 
mogeneous sampling strata. Each stratum may 
then be sampled as a unit in its own right, and 
the data from each stratum can later be com- 
bined for estimates affecting the total unit. 
Cochran (1953) treats stratified sampling in 
some detail. Where desired, it is possible to 
adjust the sample spacing in each stratum to 
obtain equally reliable estimates for each 
stratum mean. Potter and Siever (1955) dis- 
cuss this aspect of the sampling problem. 
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Application of probability sampling in 
geology deserves detailed consideration. To the 
extent that probability samplescan be taken, the 
geologist shifts some of the responsibility for 
valid statistical inferences to the statistician. 
Samples within a stratum need not be taken 
completely at random for this purpose; various 
designs are available (Cochran, 1953) for using 
systematic samples, cluster samples, grid 
samples, and others, each having some mechani- 
cal means of randomization. Problems associ- 
ated with nonavailability of samples (covered 
intervals, lack of outcrops, absence of bore- 
holes) are troublesome in geology, but they 
have their counterparts in other sampling 
fields, and adjustments can be made for such 
situations (Cochran, Mosteller, and Tukey, 
1954). 

The increasing tendency to use standard 
statistical designs in geology suggests that the 
specific model used in this study be made 
explicit to the reader. The following Appendix 
contains this technical material plus some dis- 
cussion of confidence intervals, statistical tests, 
and cost functions as applied in the present 
study. 


APPENDIX 
Statistical Model 


The statistical model used in this study is a 
standard hierarchical design, described by Cochran 
(1953, p. 215), Anderson and Bancroft (1952, p. 
325), Bennett and Franklin (1954, p. 358), Olson 
and Potter (1954), and Potter and Olson (1954). 
The sample layout for the regional design is shown 
in Figure 4. The random variable X; jm represents a 
single observation on an individual sample in the 
design. The value of the random variable depends 
on the grand mean y, plus a contribution a from the 
i-th supertownship, plus a contribution 8 from the 
j-th township in the 7-th supertownship, plus a 
contribution + from the k-th mine in the j-th town- 
ship of the z-th supertownship, plus a contribution 
8 from the m-th sample from the k-th mine in the 
j-th township of the i-th supertownship. The con- 
tributions a;, are all considered random 
variables with mean zero and variances as indicated 
in the lower left lines of Figure 4. The population 
mean uy is considered a fixed constant. 

The sample layout for a grid in the local hierarchy 
is shown in Figure 5. Here the random variable 
Xretuy represents a single observation on a laboratory 
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Xijum = + Bit Fijnt 
18 miles 
ANALYSIS OF VARIANCE 
SOURCE SUM OF SQUARES yo 
BETWEEN SUPERTOWNSHIPS| = a-| 
BETWEEN TOWNSHIPS (b-1) _ SS2 
WITHIN SUPERTOWNSHIPS | SS2= cd a bed Ve alb-l) 
BETWEEN MINES Ss 
BETWEEN SAMPLES Ss 
WITHIN MINES abc(d-!) |v, * 
TOTAL abcd-! 
Lijum(Xijum) —obed=n 


ESTIMATION OF VARIANCE COMPONENTS 


LEVELS DIFFERENCE | 
SUPERTOWNSHIPS - Ve bed 
TOWNSHIPS V3 cd 
MINES Vs Ve d sz 
SAMPLES Ve = Vs 


EXPLANATION OF SYMBOLS: 
Xijnm single observation. 


= grand mean. 
aj = comp. due to supertwp. i. 


fi; = comp. due to twp. j,within supertwp i. 
O ijk = comp. due to mine k, within twp. j, 


within supertwp. i. 


Dijnm= Comp. due to sample m,within mine k, 
within twp. j within supertwp. i. 
Gj, Bir Vijx & Ore independent with 
Mean O and variances Sa, Sf & So 


respectively. 


i varies from | to a 
j varies from | to b 
k varies from | to c 
m varies from | to d 
where 
a = number of supertwps. 
b = number of twps./supertwp. 


c = number of mines/twp. 
d = number of samples/mine 
n = abcd = total samples 


collected. 


Figure 4.—STATISTICAL MODEL FOR REGIONAL SAMPLING HIERARCHY 


For convenience of notation and comparison with the mean squares in the analysis of variance table, 
all variances are shown as S?. More rigorously the theoretical variances should be shown as o? in the lower 


left part of this figure. 


| | B 
| 


le, 
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e | 
10 ft. 
Xrstuv= V + Ors Prstut Arstuv 
ANALYSIS OF VARIANCE 
SOURCE SUM OF SQUARES 
WITHIN A MINE efghp=N Vs 
BETWEEN MAJOR UNITS Les (LtuvXrstuv)* (2stuv Xrstuv)* _ SSe6 
WITHIN GRIDS ghp fghp e(f-1) e(f-1) 
BETWEEN MINOR UNITS Les(ZtuvXrstuv)* SS7 
WITHIN MAJOR UNITS | 297° hp ~ ghp ef(g-!) 
BETWEEN SAMPLES Lrstu(ZvXrstuv)” Lrst(ZuvXrstuv)* ___ 939s 
WITHIN MINOR UNITS | p hp efg(h-I) Ve = efg(h-!) 
BETWEEN REPLICATES (ZrstuvXrstuv)* SS» 
WITHIN SAMPLES 999° rstuv( — efgh (p-I) = efgh(p-l) 
TOTAL (x — Xrstuv)? ef h 
rstuv\ Arstuv efghp=N g p 


ESTIMATION OF VARIANCE COMPONENTS 


LEVELS DIFFERENCE | SAMPLE | VARIANCE 
GRIDS Vs~-Ve fghp sz - 
MAJOR UNITS Ve-Vz ghp Sé= 
MINOR UNITS hp sf 
SAMPLES Ve-Vo Pp 
REPLICATES Ve Vo 


EXPLANATION OF SYMBOLS: 


rstuyv = Single observation. 

Vv = grand mean for mine. 

€r = comp. due to grid r. 

Ors= comp. due to major units, within r. 
Arst= Comp. due to minor unit t,withins, 


within r. 


Prstu= Comp. due to sample u, within t, 


within s, within r. 


%rstuy= COMP. due to replicate v within u, 
within t, within s, within r. 

€r, Ors, Arst, Prstu & Prstuy are independent 

with mean O and variances S2,S8,S%,S3 & 


Sé respectively. 


r varies from | toe 


Ss varies 
t varies 
u varies 
v varies 

where 


@ = no. 


f = no 
g=no. 
h = no. 
p=no. 


from | to f 
from | tog 
from | to h 
from | to p 


of grids/mine 
of major units/grid 


of minor units/maj. unit 


of samples/minor unit 
of replicates/sample 


N= efghp = total samples 
collected. 


Ficure 5.—STaTISTICAL MopEL FoR LOCAL SAMPLING HIERARCHY 
See comment in caption of Figure 4 regarding use of S* in this model. 


7 
er 


756 KRUMBEIN AND SLACK—STATISTICAL ANALYSIS OF RADIOACTIVITY 


subsample. The value of the random variable de- 
pends on a grand mean » (which may or may not be 
the same as yu, depending on whether or not a re- 
gional radioactivity gradient is present), plus a 
contribution ¢ from ther-th grid, plusa contribution 


In the “estimation of variance components” sec. 
tion of Figures 4 and 5 the algebraic process of 
separating the components is shown in two stages, 
The first is the subtraction of the mean squares, 
and the resulting difference is then divided by the 


VARIANCE COMPONENTS FOR HIERARCHICAL MODELS 


SOURCE | MEAN SQUARE IS ESTIMATE OF 
BTWN. SUPERTWPS.| a-! S5 +cdS, + bedSa 
BTWN. TOWNSHIPS | a(b-!) V2 S35 +dS}+cdS5 

BTWN. MINES | ab(c-!) V3 
BTWN. SAMPLES | abc(d-!) Va 


BTWN. GRIDS e-I| Vs 
BTWN. MAJOR UNITS] e(f-!) Ve 
BTWN. MINOR UNITS] ef (g -!) V7 


BTWN. SAMPLES 
BTWN. REPLICATES 


efg(h-1) Ve 
efgh(p-!)| 


Sg + pSp +hpSi +ghpSq + fghpSe 
Ss +pSp + hpSx +ghpSe 
SZ + 


Sp 


FIGURE 6.—VARIANCE COMPONENTS EsTIMATED BY MODELS OF FiGuRES 4 AND 5 
See comment in caption of Figure 4 regarding use of S? in this model. 


6 from the s-th major unit in the r-th grid, plus a 
contribution \ from the ¢-th minor unit in the s-th 
major unit of the r-th grid, plus a contribution p 
from the u-th sample in the ¢-th minor unit of the 
s-th major unit of the r-th grid, plus a contribution 
¢ from the v-th replicate (laboratory subsample) 
of the u-th sample of the ¢-th minor unit of the s-th 
major unit of the r-th grid. The contributions 
€, **, Pretuy are all considered random variables, as 
in the preceding paragraph for w to 2. 

Analysis of variance is used to separate the total 
variability of Xijzm and into mean squares 
associated with each hierarchical level. The mean 
squares represent estimates of the total variability 
at the corresponding sampling levels. As such they 
contain contributions from variabilities introduced 
at each lower level nested in the design. The manner 
in which these contributions from successively 
lower levels combine to give the mean square asso- 
ciated with the uppermost level is shown in Figure 
6. The mean square at the lowest level of the re- 
gional hierarchy, V4, contains only S 3%, whereas at 
the next higher level V; contains contributions from 
both Sg* and S,*. By subtracting V, from V; and 
dividing by d, the component S,? may be isolated: 


[(Sa? + dS,*) — Sa*)/d = S,?. 


“sample size” which represents the number of times 
the component is present. Thus, subtraction of 4 
from V3 for the regional experiment in the upper 
part of Table 4 yields 0.2090 — 0.1615 = 0.0475 
as shown in the lower left of Table 4. The “between- 
mines” level is present d = 4 times, so that the 
variance component is recorded as 0.0119. 

The first subtraction (V2 — V1) in Table 5 
yields a negative number: 0.0088 — 0.4090 = 
—0.4002. This suggests that there is no component 
of variance contributed by the uppermost level in 
the local sampling hierarchy. An alternative inter- 
pretation is that an unusual sampling event oc- 
curred, and that there is a small but real variance 
at this level. Either of these alternatives implies 
that the large variance component apparently asso- 
ciated with the lowest sampling level in the re- 
gional design is actually distributed mainly over 
successive levels in the local hierarchy, represented 
by samples spaced closer than half a mile apart. 


Graphic Representation of the Hierarchical Model 


The statistical model provides a convenient way 
of showing graphically how the contributions of each 
sampling level affect the value of a single observa- 
tion. In the regional model of Figure 4 the @ repre- 
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sents the departure of the supertownship mean 
from the grand mean, here considered the population 
mean for illustration. The 8 represents the departure 
of the township mean from the supertownship mean, 
and the component y represents the departure of 
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According to the model in this specific instance, 
these values should combine as follows: 


= + Ber + verre + 
5.10 = 2.42 + 0.67 — 0.54 + 0.04 + 2.51 


(Grond mean (population meon)) 
Population level = 
X= 2.42 (= 
(Supertownship mean) 
Supertownship level = 3.09 
—— Supertownship kick, 
a= +067 
2 Township level 5 (Township mean) 
= X=2.55 
a kick, 
p =-054 
: (mine mean) 
Mine level X= 259 
Mine kick 
+004 
(Single observation) 
Sample level X=5.10 
Sample kick, O=+ 2.51 
L 1 iL 
2 3 4 5 


Alpha porticles per minute per unit area 


FicurRE 7.—GRAPHICAL PRESENTATION OF HIERARCHICAL MODEL, ILLUSTRATED BY SAMPLE 1 OF MINE a, 
TownsuiP I oF SUPERTOWNSHIP F 


The figure illustrates the magnitude and direction of the departures (kicks) at each level of the hierarchy 


for this sample. 


the mine mean from the township mean. Finally, 
the 9 represents the departure of a single observa- 
tion from its mine mean. In a sense, each of these 
departures represents a “‘kick” at the sampling level 
involved. 

Either the raw or the transformed data may be 
used to illustrate the operation of the hierarchical 
model. Consider sample 1 of mine a of township J 
of supertownship F. The individual observation is 
shown as 5.10 alpha particles per minute (Table 2). 
This is Xijim, here Xpyat of the model in Figure 4. 
The mean value of supertownship F is 3.09 alpha 
particles per minute. The value a; is the difference 
between this mean and the grand mean, 3.09 — 
242 = +0.67. The mean of township J of super- 
township F is 2.55 alpha particles per minute. 
The value of Bp; is the difference between this and 
the supertownship mean, 2.55 — 3.09 = —0.54. 
The mean of mine a in township I of supertownship 
F is 2.59 alpha particles per minute. The value of 
7F 10 is the difference between this and the township 
mean, 2.59 — 2.55 = +0.04. The individual meas- 
urement of sample 1 of this mine was 5.10, and the 
value of 477: is the difference between this and the 
mine mean, 5.10 — 2.59 = +2.51. 


Figure 7 shows the example graphically. The 
largest kick occurs at the sample level, and the 
smallest occurs at the mine level. The township 
level is represented by a negative kick slightly less 
than the positive kick of the supertownship. For the 
general case the variance components at each level 
give an “average” estimate of the variability at 
that level. The variance components themselves 
can be used to estimate the variance of the mean 
value associated with the given level. If desired, a 
frequency curve can be drawn around each mean 
value to indicate its expected variability. 


Confidence Limits on Mean Radioactivity 


Confidence limits are defined as values of the 
variate such that the interval between the limits 
has a certain probability of including the population 
mean (Dixon and Massey, 1951, p. 73). The grand 
mean of the radioactivity data is an estimate of the 
population mean, and as such is subject to some 
variability. 

For practical purposes the grand mean of the 
untransformed data, 2.42 alpha particles per minute 
per unit area, is a more easily visualized number 
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than the mean of the square-root transformed data. 
However, the extreme skewness of the distribution 
of raw data renders it difficult to make direct proba- 
bility statements regarding the variability of the 
mean of the untransformed data. Instead, confi- 
dence limits are usually set about the mean of the 
transformed data and these limits are converted 
back to the original values by squaring them. The 
limits are symmetrical about the transformed mean 
but become unsymmetrical about the mean of the 
Taw data. 

In setting up confidence limits on means in a 
sampling hierarchy it is necessary to take into ac- 
count the variance components at the several levels. 
Anderson and Bancroft (1952, p. 326), Cochran 
(1953, Chap. 10), Olson and Potter (1954), and 
Potter and Siever (1955) discuss the topic. If the 
sampling proportions at each level are less than 
1/20, the variance of the grand mean is (Anderson 
and Bancroft, 1952, p. 326): 


V(X) = (Sa*/a) + 
+ (S;2/abc) + (Sst/abed). 


In the present study all 11 supertownships were 
used, so that a complete enumeration was made at 
the highest level. Under these conditions the super- 
townships add no variance component to the mean. 
Two out of nine townships in each supertownship 
were used, so that the proportion of townships per 
supertownship is }/B = 0.22, where b = 2 and B = 
9. Similarly, if a single mine is considered as cover- 
ing a substantial part of a township, a correction 
factor based on c/C would be needed. In the present 
study it is believed that the average area repre- 
sented by four samples at the mines level is not sig- 
nificantly larger than 1/20. The number of samples 
that could be collected in any one mine is prac- 
tically unlimited, so that correction factors are 
needed only at the two highest levels. 

Under these conditions the variance of the grand 
mean becomes: 


1 1 \S; 1 1 \ 

In this equation,a = A =9;b=c=2;B =9; 
d = 4, and the variance components are given in 
the lower part of Table 4. By using these data, the 
estimated variance of the grand mean of the trans- 
formed data is computed as 0.001408, and the 
estimated standard deviation is 0.038. The 67 per 
cent confidence limits are 1.49 + 0.04 = 1.45 and 
1.53. Confidence limits at the 95 per cent confidence 
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level are computed by multiplying the standard 
deviation by the corresponding probability value 
of ¢ for the degrees of freedom involved. At the 
highest level in multilevel sampling it is conven. 
tional to use (2 — 1) degrees of freedom rather than 
(abed — 1), as Anderson and Bancroft (1952, p. 326) 
and Potter and Siever (1955) point out. The value 
of ¢ at the 95 per cent level in a two-tailed test for 
10 degrees of freedom is 2.23 (Dixon and Massey, 
1951, p. 307). Hence there is a 95 per cent proba. 
bility that the interval 1.49 + (2.23) (0.38) = 
1.49 + 0.085 includes the population mean for the 
transformed data. These limits are 1.40 to 1.58, 

In terms of the raw data, the confidence limits 
for the grand mean, 2.42, are found by squaring the 
transformed limits. As a first approximation, there- 
fore, the grand population mean of the raw data 
has a 95 per cent probability of lying between 1.% 
and 2.50 alpha particles per minute per 1.5-inch 
diameter circle of powdered shale, as mentioned in 
the earlier text. 


Statistical Tests of Significance 


A statistical significance test is a probability 
test used to determine whether a group of samples 
could reasonably have come from a single popula- 
tion, or whether a preferred interpretation is that 
they were derived from different populations. 
Bennett and Franklin (1954, p. 365) describe tests 
of significance for successive levels in hierarchical 
designs. These can be conducted directly with the 
mean squares associated with the several sampling 
levels in Tables 4 and 5. 

The kind of questions that can be answered by 
these tests include the following: do the supertown- 
ships differ more among themselves than do the 
townships within them? Do the townships differ 
more among themselves than do the mines within 
them? These tests thus compare the relative varia- 
bility in radioactivity associated with successive 
levels of the hierarchy. A second kind of statistical 
test can be used to determine whether the units 
at any level are homogeneous among themselves. 
This second type of question can be expressed as 
follows: is the variability between supertownships 
significantly greater than the variability within 
supertownships? Is the variability between town- 
ships significantly greater than the variability 
within townships? These tests thus compare the 
units at any level without regard to their relative 
variability with respect to other levels. The second 
type of test is based on the single factor analysis of 
variance as described in Dixon and Massey (1951, 
p. 121) and involves some recomputation of the 
mean squares in Tables 4 and 5. 
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The tests of relative variability at successive 
levels were mentioned in the text in connection 
with the inference of primary environmental con- 
trol of radioactivity. These tests are shown in 


TABLE 6.—TEsTs OF HypoTHEsEst 
(Relative variability, regional and loca! data) 


Hypothesis F ratios 


(1) No significant variation between 1.17 NS 
supertownships compared with (10,11) 
variation between townships ina Fo, = 2.86 
supertownship 

(2) No significant variation between 1.53 NS 
townships compared with vari- (11,22) 
ation between mines within a Fo, = 2.26 
township 

(3) No significant variation between 1.29 NS 
mines compared with variation (22,132) 
between samples within a mine Fo; = 1.64 

(4) No significant variation between <1 NS 
grids compared with variation (3,4) 
between major units within a grid Fo, = 6.59 

(5) No significant variation between <1 NS 


major units compared with var- (4,8) 
iation between minor units within Fo, = 3.84 
major units 

(6) No significant variation between 3.24* 
minor units compared with var- (8,16) 


iation between samples within a Fo, = 2.59 
minor unit 

(7) No significant variation between 26.34** 
samples compared with varia- (16,34) 
tion between replicates within a Fo = 2.58 
sample 


* Significant at 0.05 level. 

** Significant at 0.01 level. 
_tThe arrangement of the number on the 
right is: top line—observed F ratio; center line— 
degrees of freedom for test; bottom line—critical F 
value for d.f. involved. 


Table 6, abbreviated for convenience of presenta- 
tion. The first hypothesis, stated more fully, is that, 
“At the 5 per cent significance level there is no 
greater variation in mean radioactivity between 
supertownships than between townships within a 
supertownship.” In conducting the test, the mean 
square at the top level in Table 4 is divided by the 
mean square of the second level: 0.3748/0.3189 = 
1.17. This ratio is the observed F value, which is 
less than the critical value of F at the 5 per cent 
level for 10, 11 degrees of freedom (tabulated in 
Dixon and Massey, 1951, p. 310, as 2.86). Hence, 
the ratio is nonsignificant (NS), and the hypothesis 
1S not rejected. 


As Table 6 shows, all the levels in the regional 
design (items 1 to 3) are homogeneous compared 
to the next lower level, and the same homogeneity 
persists through the first two levels of the local 
design (items 4 and 5). At the minor-units level, 
where the samples are spaced about 2.5 feet apart, 
the variation becomes significant, indicating some 
heterogeneity at about this scale in the relative 
radioactivity. The asterisks after item 7 in Table 6 
indicate that the variation between samples is very 
significant compared with variation between dupli- 
cate samples. This last test is important in indicating 
that the variability introduced by laboratory 
errors is very small compared with the variability 
among samples. 

Inclusion of the laboratory subsampling level in 
the detailed hierarchy provides replicate data for 
determination of the laboratory errors in the study, 
and hence provides a self-contained experiment 
(Youden, 1951, p. 72). In the present case it is 
seen that errors due to sample splitting, measure- 
ment, and other laboratory sources are minor com- 
pared with the differences that are of importance, 
t.e., differences among the samples themselves. 

The tests for homogeneity of individual sampling 
levels are shown in Table 7. The tests involve some 
recomputation of mean squares, accomplished by 
pooling the variability at all levels below the one 
being tested. As Table 7 shows, there is some 
heterogeneity at each regional level individually 
(items 1 to 3) indicating that the variation in radio- 
activity between the supertownships, for example, 
is greater than would be attributed to a single popu- 
lation. In terms of Figure 3 this implies that the 
trend of somewhat higher values in supertownships 
C and D may be significantly different from the 
trend of unusually low values in the western part of 
supertownship J. That the townships may also 
differ significantly among themselves is shown by 
the local bunching of contours in Figure 3, such that 
the mean radioactivity (on a mine basis) may double 
in some townships, but not change greatly in others. 

Items 4 to 7 of Table 7 apply to the local hier- 
archy. Item 4 shows that variations between grids 
do not differ significantly from variation within 
grids. This supports the earlier inference that there is 
essentially no variance component associated with 
the samples-within-mines level of the regional 
hierarchy, and that the sample variance of 0.1615 
shown as the last item in Table 4 is actually dis- 
tributed over still lower levels in the detailed hier- 
archy of Table 5. 

Items 5 and 6 of Table 7 show highly significant 
variations, further evidence that the occurrence of 
radioactivity in the black shale is very spotty among 
closely spaced samples. The last item in Table 7 
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verifies the earlier conclusion that the variability 
of the laboratory measurements is very small com- 
pared with the variability among samples. 


TaBLE 7.—Tests oF HypoTtHEsEst 
(Homogeneity of individual sampling levels, 
regional and local data) 

(1) No significant variation between 2.10* 
supertownships compared with (10,165) 
variation within supertownships F 95 = 1.87 


(2) No significant variation between  2.05** 
townships compared with varia- (21,154) 
tion within townships F.a = 2.00 

(3) No significant variation between 1.71** 


mines compared with variation (43,132) 


within mines F.o = 1.69 
(4) No significant variation between <1 NS 
grids compared with variation (3,60) 
within grids Fos = 2.76 
(5) No significant variation between 3.08** 
major units compared with vari- (7,56) 
ation within major units F.o = 2.98 
(6) No significant variation between 7.91** 
minor units compared with vari- (15,48) 
ations within minor units Fo = 2.40 
(7) No significant variation between 49.71** 
samples compared with variation (31,32) 


between replicates within a Fo = 2.34 
sample 


* Significant at 0.05 level. 

** Significant at 0.01 level. 

¢ The arrangement of the numbers on the right 
is: top line—observed F ratio; center line—degrees 
of freedom for test; bottom line—critical F value 
for d.f. involved. 


Application of Cost Function to Sampling Data 


One advantage of multilevel sampling is that it 
provides data for optimum allocation of sampling 
effort over the hierarchy. This may be especially 
important in redesign of a preliminary sampling 
plan for more detailed analysis of a stratigraphic 
unit. The optimum sampling and subsampling 
fractions are found by application of cost functions 
to combinations of the several variance components. 

Cochran (1953, p. 225) describes a cost function 
which may be used in a two-level hierarchy, and 
Potter and Olson (1954) discuss its application to 
additional sampling levels. In applying the cost 
function, the cost (or time) required for a unit at 
each hierarchical level is so distributed over the 
hierarchy that the variance of the mean at each 
level is kept at a minimum. 

In the present study the writers collected four 
samples per mine. The question may be raised 
whether there is some optimum number of samples 
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to be collected per mine, assuming that the same 
number of mines is to be visited. 

This question may be answered by use of Coch- 
ran’s cost function, 


C= Cue + C.cd, 


where the total cost C is made up of a component 
Cm that is proportional to the number of mines (c) 
per township, and a component C, that is propor- 
tional to the total number of elements (mines times 
samples, cd). In this example the “grand mean” 
of the mines is the township mean of the hierarchy, 
and the problem is to minimize its variance. Coch- 
ran (1953, p. 226) shows the process and derives 
the solution for the optimum number of samples 
per mine, d’: 


VS (S#/Sy)(Cu/C). 


In the present study the cost (time) for locating a 
mine in a township was approximately 50 minutes, 
and the time for collecting and analyzing a sample 
was approximately 95 minutes. The sample variance 
is 0.1615 and the mine variance is 0.0119 (Table 4). 
Hence, 


= ~/(0.1615/0.0119)(50/95) = 27. 


The closest whole number to 2.7 is 3, so that a total 
of three samples from each of two mines per town- 
ship would be an optimum number. 
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STRUCTURE AND PETROLOGY OF ENCHANTED ROCK BATHOLITH, 
LLANO AND GILLESPIE COUNTIES, TEXAS 


By RosBert M. HuTCHINSON 


ABSTRACT 


Enchanted Rock batholith is one of several moderate-sized plutons that intruded a 
framework of tightly folded Precambrian metamorphic rocks in Middle Precambrian 
time. Tectonic features within the mass and structural attitude of wall rocks indicate 
the northern third is phacolithic. The remainder is both discordant and concordant 
batholithic, although the schists show a tendency to box the compass around the bath- 
olith. The phacolithic part occupies a synclinal trough plunging 35°-40° SE. 

The batholith consists of four concentric zones: (1) outer zone, medium to coarse 
leucogranite and granite; (2) intermediate zone, medium to coarse granite and quartz 
monzonite; (3) intermediate central zone, coarse quartz monzonite and alkalic 
granodiorite; and (4) the core, fine to medium leuco-quartz monzonite and leucogranite. 
Rapakivi are most abundant in zone 3. Seriate porphyritic texture prevails in all zones 
except the core where it is increasingly hiatal. Chilled border rocks are 10-20 feet wide 
and consist of leuco-quartz monzonite and quartz monzonite. Apophyses of the bath- 
olith in metamorphic wall rocks are leuco-quartz monzonite and leucogranite. Hiatal 
porphyritic texture prevails in chilled border and apophyses rocks. 

Internal structures of the batholith and its relation to country-rock structures indi- 
cate intrusion during the late, most severe stages of regional compression. Tensile stresses 
along axial planes of folds exerted structural control and guided the rise of the magma, 
as indicated by the pear-shaped outline of the batholith. The most probable mechanism 
of magma generation is selective fusion (melting) of random rock material. This oc- 
curred at depth in down-buckled zones below the present position of the batholith. 

Concentration of the proportions of normative constituents of individual rock zones 
is strikingly grouped about a composition having a 1:1:1 ratio of albite:orthoclase: 
quartz. Mineralogically there are systematic gradations in proportions of plagioclase, 
microcline, and quartz between rock zones suggesting that unmixing of sodic plagioclase 
from microcline was a dominant process. 

Outline shape of rock zones, textural relations between plagioclase and microcline 
crystals, and maxima-minima concentrations of unmixed sodic plagioclase suggest 
migration of part of the unmixed material within the batholith during the later stages 
of its structural and intrusive history. Field and chemical evidence indicate that prob- 
ably not more than 5 per cent of the granites of the batholith are of replacement origin. 

Failure of roof rocks with partial escape of volatiles, cessation of regional tectonism, 
and depletion of the magma reservoir in the late stages of intrusion probably are re- 
sponsible for finer grain of the core. Age determinations by the “Larsen Method” 
give an average age for the batholith of 815 million years. 
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INTRODUCTION 


Enchanted Rock batholith has outcrop relief 
of less than 700 feet; however an unusually 
large portion of its outcrop surface is well ex- 
posed and permits comprehensive observation 
and sampling. 

Enchanted Rock batholith project has pro- 
duced information on (1) influence of tectonic 


setting on processes of magma generation; (2) 
time relation of intrusion to general tectonics; 
(3) importance of structural controls in rise and 
emplacement of granite; and (4) process of 
batholith crystallization and effect of autometa- 
morphic change on the gross textural and 
mineralogical properties of the rocks. 

Stenzel (1936) was the first to carry out de- 
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tailed studies in granite tectonics in the Pre- 
cambrian of central Texas when he mapped the 
internal and wall-rock structures of Wolf 
Mountain phacolith 20 miles northeast of En- 
chanted Rock batholith. The present investi- 
gation is part of a long-range program of 
detailed study in the structural and intrusive 
history of the Precambrian igneous rocks of the 
central Texas area. 


LOCATION AND SCOPE OF WorRK 


The area is situated in the south-central part 
of the Llano uplift (Pl. 1). The batholith out- 
crops in the southwestern corner of Llano 
County and extends several miles south into 
Gillespie County. 

This report is based on 7 months of field work 
done during the summers of 1950, 1951, and 
1952. The principal purpose was to map the 
structure and describe the petrology of En- 
chanted Rock batholith and its immediate 
surrounding wall rocks. The entire batholith 
and a contact zone half a mile to a mile wide 
bordering the entire batholith were mapped on 
aerial photographs on the scale of 8 inches to 
the mile. 


Previous 


The first geologic map of the Llano-Burnet 
quadrangles was prepared by the U. S. Geologi- 
cal Survey in 1909 (Paige, 1911; 1912). This 
map, on a scale of 2 miles to the inch, serves to- 
day as an excellent field guide. It shows the 
outcrop pattern of the batholith and the re- 
gional structure and distribution of Packsaddle 
schist and Valley Spring gneiss. 

Stenzel (1935) summarized the Precambrian 
structural conditions in the Llano region and in 
1936 made a structural study of the Wolf 
Mountain phacolith. Keppel (1940) made a 
reconnaissance study of concentric patterns in 
the plutons of the Llano-Burnet region. He 
included in his report a brief survey of En- 
chanted Rock batholith. 

Goldich (1941) critically examined physico- 
chemical data pertaining to intrusions of the 
central Texas region. Two chemical analyses of 
rocks of the batholith were published by 
Barnes, Dawson, and Parkinson (1947). 
Barnes (1952) mapped the geology of the 


Crabapple Creek quadrangle which includes 
the southern tip of the batholith and in 1954 
published geophysical data for rocks of the area. 
The present writer published results of a statis- 
tical study of texture of the batholith in 1952, 
in 1953 he summarized the petrology, and in 
1954 reported on age determinations of Pre- 
cambrian intrusions of the central Texas area. 
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GEOLOGIC SETTING 
General 


At the end of Cretaceous time the Cretaceous 
Sea was removed by a widespread general up- 
lift. The Cretaceous cover was eroded to expose 
Paleozoic rocks as a window. Paleozoic rocks 
were further eroded to expose the basement of 
Precambrian crystallines. This basement has 
been less resistant to erosion than the sedimen- 
tary rocks surrounding it; thus today the Llano 
region is not only a topographic low and a 
structural high, but also a stratigraphic inlier. 
Cambrian and Cretaceous sedimentary rocks 
occur both as erosional outliers and as remnants 
in down-faulted blocks (Pl. 1). They overlie 
the basement complex with angular unconform- 
ity. 

The Precambrian metamorphic rocks have 
been intensively intruded by igneous rocks, 
mostly granites with some quartz monzonite. 
Small intrusions include more basic rocks 
(granodiorite, quartz diorite, and gabbro). 
Pegmatites, aplites, and aplogranites accom- 
pany the larger intrusives. 

In the larger intrusives three principal types 
of granites have been recognized by Stenzel 
(1934, p. 74-79) on the basis of their probable 
age relationship as follows: 

(3) Sixmile granites; fine-grained, gray bio- 
tite granites, typically exposed in quar- 
ries near Sixmile (youngest) 

(2) Oatman granites; medium-grained, gray 
to pink, cataclastic granites, typically 
exposed in Oatman Creek southeast of 
Llano 

(1) Town Mountain granites; coarse-grained 
to porphyritic granites, commonly with 
large flesh-colored feldspars, typically 
exposed in the abandoned quarries on 
Town Mountain north of Llano (oldest) 

The rocks of Enchanted Rock batholith 
belong to the Town Mountain type. 


Metamorphic Rocks 


The metamorphic rocks are divisible into two 
large formations, the Valley Spring gneiss and 


the Packsaddle schist. The Valley Spring gneiss 
is the older and is named after the town of 
Valley Spring in Llano County, Texas. The 
Packsaddle schist is named for Packsaddle 
Mountain, Llano County, Texas, where excel- 
lent exposures occur on the west side of the 
mountain. 

VALLEY SPRING GNEISS: The base of the 
gneiss is not visible. A measured section (Pl. 2, 
Section B-B’) shows at least 6000 feet of con- 
sistently fine to medium quartzo-feldspathic 
gneiss of varying shades of orange pink. Biotite 
occurs as disseminated flakes and bands up to 
6 inches in thickness. Many small-scale drag 
folds accompanied by local intrusion and recrys- 
tallization increase the difficulty of measuring 
an accurate section. 

The gneiss seems to be of sedimentary origin. 
It contains many fine-grained, dense quartzitic 
lenses and shows lithologic banding that may 
be original stratification continuing uniformly 
laterally in some outcrops for several hundred 
to thousands of feet. 

The northern tip of the batholith lies in con- 
tact with the gneiss, which 1 mile off the north- 
east flank of the batholith on the Luke Moss 
ranch, changes from thick- to thin-bedded 
quartzo-feldspathic gneiss becoming §increas- 
ingly quartzose with some muscovite. The con- 
tact between the gneiss and Packsaddle schist 
is placed where a coarse, flaky muscovite- 
quartz-feldspar schist begins. 

PACKSADDLE SCHIST: Outcrops of Packsaddle 
schist are mainly on the east, southeast, south, 
and southwest flanks of the batholith. The 
schist is dominantly dark gray to blackish, 
strongly schistose, and contains highly variable 
amounts of fine- to medium-grained biotite, 
muscovite, sericite, chlorite, glaucophane, silli- 
manite, tremolite, wollastonite, serpentine, 
talc, epidote, hornblende, quartz, feldspar, 
garnet, scheelite, calcite, and graphite. The 
original sediments, after metamorphism, be- 
came mainly schists of these types. Sandstones 
were altered to gneiss or gneissoid schist, and 
the limestones to marble or wollastonite. 

A measured section of the schist (Pl. 2, Sec- 
tion C-C’) shows a thickness of at least 5400 
feet of varied composition. Dark colors of the 
schists are in direct contrast with the predomi- 
nant orange pink of the underlying Valley 
Spring gneiss. Occasional intercalated bands of 
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quartzo-feldspathic gneiss, similar in appear- 
ance to the Valley Spring gneiss, occur through- 
out the formation. 


Sedimentary Rocks 


The 170-square-mile area mapped includes 
two formations younger than Precambrian. 
These are incompletely exposed. The Hickory 
sandstone member and the Cap Mountain lime- 
stone member of the Riley formation are Upper 
Cambrian in age. Outcrops of these cover part 
of the core and west side of the area mapped 
(Pl. 1). The Hickory sandstone attains a thick- 
ness of 406 feet, and the Cap Mountain lime- 
stone 75 feet. The Hensell sand is Lower 
Cretaceous and is 18 feet thick. Outcrops are 
2 miles due south of C. Keese’s ranch house in 
the south part of the area. Quaternary terrace 
gravels and alluvium also occur. 


STRUCTURAL SETTING 
Introduction 


Enchanted Rock batholith is a granite- 
quartz monzonite-granodiorite intrusion about 
100 square miles in area. It is pear-shaped and 
has intruded a framework of tightly folded 
Precambrian metamorphic rocks. The batholith 
isnamed after the largest of several exfoliation 
domes exposed on the southeast side of the 
mass (Pl. 3, fig. 1). 


Regional Structure 


The major structural lines are anticlinal and 
synclinal axes striking N. 17°-30° W. and 
plunging 16°-45° SE. The axis of the Castell 
syncline plunges 35°-40° SE. directly into the 
northern part of the batholith. Sixmile anti- 
cline is several miles to the east, strikes N. 25° 
W. and plunges less than 45° SE. 

The longer dimension of Enchanted Rock 
batholith is 15 miles and strikes N. 10°-15° W. 
The shorter dimension is 9 miles and strikes at 
tight angles to the long dimension. The north- 
ern third occupies the trough of the Castell syn- 
cline, the axis striking N. 10°-15° W. and 
plunging 35°-40° SE. (Fig. 1); it is in contact 
with Valley Spring gneiss which dips inward 
toward the batholith. Flow structures within 
this part of the batholith reflect in part the 
dips of the wall rocks. 


GEOLOGIC SETTING 


767 


The southern two-thirds is in contact with 
the Packsaddle schist. On the west side of the 
batholith the Packsaddle schist is overturned 
steeply to the east and suggests a thrusting 
directed about S. 40° E. (Pl. 2, Section C-C’). 
This structure is believed to be fairly large and 
to involve the central-west side of the batho- 
lith. The schists on the southeast side of the 
batholith, immediately east of Enchanted Rock, 
reflect in their attitude the presence of the Six- 
mile anticline, 3 miles to the east. Strike is N. 
60° W., and dips are 20°-40° SW. Strike of these 
units swings sharply to the north as they ap- 
proach the edge of Enchanted Rock batholith 
and dips approach vertical. 

North of the northern part of the batholith, 
one-eighth and one-fourth mile, respectively, 
an anticline and a syncline strike approximately 
N. 80° W. almost at right angles to the synclinal 
trough occupied by the intrusion (Fig. 1). The 
syncline is north of the anticline and dies out 
within a quarter of a mile to the west. It is hid- 
den by overburden to the east. The anticline, 
a small-scale structure, is overturned to the 
north for about a mile to the southeast. 


Relation to Country-Rock Structures 


Along the 45 miles of its outer perimeter the 
contact of the batholith with metamorphic 
wall rocks is discordant at three places. West 
of House Mountain for 4 miles along the con- 
tact as far north as Berry Spring the discord- 
ance is strong; east of Hickory Creek the Valley 
Spring gneiss and Packsaddle schist gradually 
pull away from the contact, and east of Silver- 
mine Creek discordance is sharp for about a 
mile. Contact of granite along the remainder of 
the wall rocks is concordant, although in many 
places wall rocks are sharply discordant 1000 
feet from the granite—-wall rock contact. The 
3-mile distance south from Silvermine Creek 
on the east side of Sandy Creek illustrates this. 

Considerable crowding of wall rocks is evi- 
dent on the east and southeast flanks of the 
batholith. The gentle westerly dips of the south- 
west limb of the Sixmile anticline steepen 
rapidly and swing almost parallel to the strike 
of the wall of the batholith. The schists within 
1000 feet of the wall rocks have been squeezed 
into a tight, almost isoclinal syncline. The axis 
of this fold strikes N. 11° E. and follows along 
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the east side of the batholith for a distance of 
about 4 miles, reflecting the outline of the edge 
® of the batholith. A similar relationship, though 
on a smaller scale, occurs on the southwest side 
of the batholith. 

In many places, within several hundred feet 
of the flank of the batholith, the schists dip 
steeply toward the granite, possibly suggesting 
by their attitude that the granite has tended to 
override the schists. 


STRUCTURAL PETROLOGY 
Fabric Axes 


The fabric elements (minerals) have dimen- 
sional orientation plainly visible in ‘he field 
(Pl. 3, fig. 2). The orientation is line - (linear- 
flow structure) and planar .) struc- 
ture). The Cloos method of mapping the inter- 
nal structures of igneous rocks, which is 
concerned almost exclusively with megascopic 
features that are apparent in the field, is appli- 
cable to rocks of the batholith. 

Fabric axes are used in describing dimensional 
orientation of single-crystal fabric units. 
Sander’s original terminology (1926, p. 328; 
1930, p. 119) is applied to primary-flow struc- 
ture in rocks of the batholith. The axes are 
referred to as a, b, and c. The critical axis de- 
noting direction of transport is a. It may be 
either perpendicular or parallel to lineation. 
Fairbairn (1949, p. 6) defines the b and c axes 
as follows: 


“6 is limited to parallelism with fold axes and is 
almost always associated with lineation. It is 
commonly perpendicular to a, since direction of 
movement in the development of a major fold is 
normal to its axial line. If foliation is developed, 6 
lies in the foliation surface. 

“c is used to denote the normal to the plane 
formed by a and b, and has no independent exist- 
ence as a fabric coordinate.” 


Linear-Flow Structures 


Long dimension of microcline phenocrysts.— 
Orientation of the long dimension of microcline 
Phenocrysts took place so that each crystal as- 
sumed, as nearly as possible, a minimum pro- 
jection area perpendicular to the lineation. 
Crystal habit consists of either prisms and 
basal pinacoids (Fig. 2) or right- or left-handed 
Carlsbad twins (Fig. 3). The longest crystallo- 
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graphic dimension of each type of crystal 
corresponds to the c! axis, and this is parallel 
or subparallel to the principal flow direction, 
the critical axis a. During early stages of intru- 
sion and crystallization the principal direction 


FiGURE 2.—RELATIONSHIP OF FaBRic AXES TO 
CRYSTALLOGRAPHIC 


of transport was vertical, or nearly so. Primary 
lineation is parallel to this direction of trans- 
port. Figures 2 and 3 show the relationship of 
fabric axes to crystallographic axes. Prismatic 
crystals are square in outline, and commonly 
the c axis is 2-4 times the width. Appearance 
of one of these (110) forms in the field is shown 
in Figure 2 of Plate 3. 

Microcline phenocrysts are rectangular with 
(010) predominant over (110) and (120) forms. 
These are truncated by (001) and (201) forms 
(Fig. 3). The longest dimension is not the c 
axis but a diagonal axis. However, because of 
the tendency of the crystal to orient with mini- 
mum areal outline perpendicular to the direc- 
tion of transport, the c axis’ lies parallel or 
subparallel to the a axis (Fig. 3). 

A fairly good check on orientation of the c 
axis was possible in the field. On horizontal or 
near-horizontal outcrop surfaces accurate read- 
ings on pitch of the lineation were obtained 
from (1) the outlines of prism faces on twinned 


phenocrysts, (2) the trace of the Carlsbad twin 
plane, and (3) the dip of crystal faces. These 
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are recorded on Plate 1. This linear parallelism Dimensional orientation of quartz mosaics.— 
is considered a reliable reproduction of the di- The petrofabric diagram of the c axis for these 
rection of greatest lengthening in the rock grains is subpolar (Fig. 4b) and subnormal to 
during the period when the structure developed. _ the ac fabric plane. A series of separate maxima 


a-c joint 
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FicurE 3.—RELATIONSHIP OF 


Dimensional orientation of biotite —Linear- 
tabular aggregates of 1-mm flakes have their 
long dimensions subparallel to the a fabric axis. 
Disseminated grains of biotite also occur but 
are not so abundant as the clusters. Crowding 
of biotite flakes between large microcline crys- 
tals often distends the clusters into narrow 
layers parallel to the platy flow structure in the 
ab fabric plane. 

The most common maximum for the poles of 
cleavage flakes is at c with dispersion of some 
poles in a partial girdle parallel to ac. The chief 
maximum of the poles is inclined a few degrees 
to c (Fig. 4a). This dimensional orientation 
probably developed during upward movement 
of the granite parallel to the a direction at the 
same time it was crowded laterally toward the 
wall of the chamber in the c¢ direction. Micas 
in thin section do not appear ruptured or bent. 
The micas with poles normal to the ac plane 
are interpreted as having grown in a-c tension 
cracks. 


fo 


Fasric TO CRYSTALLOGRAPHIC AXES 


contained within a girdle are inclined approxi- 
mately 30° to the 6 fabric axis or might be said 
to be subnormal to the lineation, a. 

During movement each grain tended to ro- 
tate about its c axis in the ab fabric plane with 
the c axis tending subnormal to the ac fabric 
plane, or the a fabric axis. 


Platy Flow Structures 


Platy parallelism of phenocrysts.—Microclin® 
phenocrysts exhibit platy parallelism (Pl. 3, 
fig. 2). The crystals have their largest faces 
(010) in parallel planes. Prism faces (110) and 
(120) generally are visible when the c axis 
parallels the a fabric axis. Not all crystals with 
(201) faces visible instead of (110) and (120) 
have their c axis parallel to the lineation. 

The a-c plane of the rectangular-shaped 
phenocrysts is subparallel or parallel to the di- 
rection of dip of the a-b fabric plane (Fig. 2). 

The degree of alignment in the outer and 
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-—PETROFABRIC DIAGRAMS OF BIOTITE AND QUARTZ IN OUTER ZONE OF THE BATHOLITH 


FicurE 4 


(a) 55 cleavage poles of bioti 


tion (a is lineation). 


te from outer zone of the batholith. Thin section cut normal to the platy flow structure and parallel to the linea- 


quartz axes from outer zone of the batholith. Thin section cut normal to the platy flow structure and parallel to the lineation (a is 


(b) 100 
lineation). 
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intermediate zones is very high; an estimated 
70 per cent have their a-c planes within 45° of 
being parallel to the a-b fabric plane. Automor- 
phic plagioclase and microcline of the ground- 
mass are similarly oriented. 

Flow layers (schlieren).—Biotite-rich and 
microcline-rich layers are readily observed 
because of textural and color contrasts with the 
surrounding rock. Biotite-rich schlieren have 
sharp boundaries (PI. 3, fig. 3), whereas micro- 
cline-rich schlieren tend to be more gradational 
(Pl. 3, fig. 4). Within individual flow layers the 
relative proportion of minerals is fairly con- 
stant. Thickness and length of the layers range 
widely. They may be straight (Pl. 3, fig. 3) or 
curved (Pl. 3, fig. 5). Crystals of microcline 
distributed within and lying up against these 
biotite-rich schlieren have brachypinacoids 
(010) parallel to the strike of the flow layers. 
The flow layers show marked parallelism to 
platy flow structure of the surrounding rock. 
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Concentrations of biotite-rich schlieren are 
restricted to the outer 1}4- to 2-mile border of 
the batholith. Microcline-rich schlieren occur 
more commonly in the intermediate and inter- 
mediate central zones of the batholith. 

Biotite-rich schlieren, commonly several 
inches thick, are straight or slightly curved and 
30-200 feet in length. The relationship of the 
longest dimension to the direction of lineation 
could not be obtained from most of the out- 
crops. They have thus been mapped as planar 
flow structure and not as lineation. Arcuate 
schlieren are local and small scale and are re- 
stricted mostly to the outer zone. 

Parallelism of xenoliths —Slablike inclusions 
of metamorphic rocks are arranged in layers 
parallel to platy flow structure. Figure 6 of 
Plate 4 shows this parallelism. 

Some inclusions strike 15°-30° transverse to 
surrounding platy flow structure and rarely are 
as much as 75° off strike (Pl. 4, fig. 7). It is not 


PLaTE 3.—INTERNAL STRUCTURES OF THE BATHOLITH 
Ficure 1.—Enchanted Rock and subsidiary domes on southeast side of the batholith. View looking 


east. 


Ficure 2.—Combination of linear and platy flow structures. Lineation plunges 70° to the left in the 
plane of the platy flow structure which is vertical. North tip of the batholith. 
Ficure 3.—Narrow biotite-rich schlieren parallel to platy flow structure. On exfoliation dome a quarter 


of a mile south of Enchanted Rock dome. 


FicureE 4.—Microcline-rich schliere subparallel to platy flow structure of enclosing porphyritic medium 
granite of intermediate zone. Hammer handle parallels platy flow structure. 
Ficure 5.—Symmetrically curved biotite-rich schlieren 1 mile west of House Mountain. Platy flow struc- 


ture of surrounding area parallels hammer handle. 


Ficure 6.—Rock swirl 1 mile east of the Kidd ranch house 


Pirate 4.—PRIMARY FRACTURES AND XENOLITHS 


Ficure 1.—Outcrops of the outer zone in the south part of the batholith show a-c joints and a-b joints. 
Platy flow structure trends left to right parallel to hammer handle and is vertical. 

Ficure 2.—An a-c joint filled with pegmatite 1 mile northwest of Enchanted Rock dome. Hammer 
handle parallels platy flow structure which is vertical and strikes right to left. 

FicureE 3.—Folded aplite of marginal fissure dips 17° left. Hanging wall moved up with development of 
freely opened space subsequently occupied by aplite. Outcrop on east side of Enchanted Rock dome. Platy 


flow structure parallels hammer handle. 


Ficure 4.—Aplite-filled shear on exfoliation dome a quarter of a mile south of Enchanted Rock dome. 
Platy flow structure within aplite subparallels walls of fissure. 

Ficure 5.—Biotite-rich schlieren cut by marginal fissure filled with pegmatite and aplite. Fissure dips 
17° left. Outcrop is southwest side of Enchanted Rock dome. 

Figure 6.—Concordant xenoliths of Packsaddle schist partly replaced by granite, 1 mile north of House 


Mountain. 


Ficure 7.—Discordant xenolith of Packsaddle schist in porphyritic alkalic granodiorite of intermediate 
central zone 3 miles northwest of Enchanted Rock dome. Long axis of xenolith strikes 70° transverse to 
platy flow structure of enclosing granodiorite. Microcline phenocrysts have crowded against faces of the 
xenolith which was probably gradually sinking prior to solidification of the magma. 
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uncommon for them to have dips considerably 
less than the platy flow structure. Specific 
gravity of a few of these ranges from 2.71 to 
2.74 as compared to 2.66 to 2.70 for the enclos- 
ing igneous rock. 

Xenoliths are exceedingly rare in the core 
of the batholith. Over the 15 square miles cov- 
ered by the core rock only one xenolith was 
observed. With this exception the xenoliths lie 
outside the core within the intermediate central, 
intermediate, and outer zones. Of approxi- 
mately 600 xenoliths mapped only 3 seemed to 
grade into biotite-rich schlieren. 

Rock “swirls’”—Circular patterns of micro- 
cline-rich concentrations were observed in two 
places (Pl. 3, fig. 6). No information could be 
gathered from the outcrop on whether these 
were cylindrical or spherelike. The swirl-like 
pattern around and including these structures 
suggests development by interlamellar move- 
ment of magma sheets tending to rotate micro- 
cline-rich centers. 

Combination of linear- and platy-flow struc- 
ture—Linear flow structure lies within the 
planar flow structure and is best seen where 
the outcrop surface parallels the a-b fabric 
plane. On this surface the linear character of 
rectangular and square microcline phenocrysts 
is seen to best advantage. So nearly equidimen- 
sional are twinned microcline phenocrysts when 
viewed in the a-b fabric plane that lineation is 
barely visible. Crystals with only (110) and 
(001) faces developed emphasize the lineation 
considerably where they occur (Pl. 3, fig. 2). 
On one 8-mile statistical traverse with station 
readings at approximately 600-foot intervals, 
within a 100-square centimeter area at each 


station, the long and short dimensions of 672 
microcline phenocrysts were measured on hori- 
zontal outcrop surface. Of these, 83 (12.3 per 
cent) showed development of (110) faces only. 


Fracture Systems 


Cross-joints—Lineation is parallel to the 
direction of maximum elongation, and cross- 
joints, which are essentially tensional in origin, 
are perpendicular to the linear flow structure. 
Throughout most of the batholith lineation is 
close to vertical so the cross-joints are horizon- 
tal or nearly so. 

Exposures of cross-joints are rare. They are 
best developed on House Mountain and in a 
series of small, steep hills extending a mile or 
so north of House Mountain on the east side of 
Hickory Creek. Joint surfaces commonly are 
2-10 feet apart, fairly smooth, and devoid of 
any hydrothermal alteration. Cross-joints are 
absent from the series of exfoliation domes 
along the southeast side of the batholith in the 
vicinity of Enchanted Rock. 

a-c joints—Joints perpendicular to planar 
flow structure and dipping parallel to the linea- 
tion are designated a-c joints. Their formation 
is attributed to lateral or peripheral stretching 
taking precedence over movement in the a 
direction (Fig. 5a). Joints of this orientation 
occur as far as 3 miles from the rim toward the 
core. They may possibly occur in the core. Dips 
are nearly vertical, and the joints commonly 
extend for several hundred feet in straight, 
persistent lines. This is one of the more promi- 
nent of the primary fracture systems. 

By use of a Schmidt equal-area net, poles 
normal to a-c joints have been plotted on the 


5.—BORDER-ZONE RELATIONSHIPS 


Ficure 1.—“Chill” border rock on east flank of batholith. Partial replacement of metamorphic wall 
rocks is visible. Main mass of batholith lies to left. 

Ficure 2.—Contact of schist wall rock and quartz monzonite of border zone, southeast side of the 
batholith. Contact dips 70° SW. under the batholith. 

Ficure 3.—“Basic front” of biotite-rich layers shown in Figure 12. Layers curve left and dip 25-60° 
to right. 

Ficure 4.—Partly replaced xenoliths of recrystallized Packsaddle schist in leuco-quartz monzonite of 
“chill” border zone. East side of batholith 1 mile northeast of Enchanted Rock dome along Sandy Creek. 

Ficure 5.—Block-shaped xenolith of aplite in porphyritic leucogranite of the outer zone 50 feet from 
chilled border zone, southeast flank of batholith. 

Ficure 6.—Apophysis of porphyritic leucogranite pinching out in Packsaddle schist. East bank of Sandy 
Creek half a mile northeast of Enchanted Rock dome. 
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lower hemisphere and their concentration con- 
toured. The contour diagram for 379 joints is 
girdle-polar (Fig. 5a). Each joint plotted on 
Plate 1 represents, on the average, four joints 
at the outcrop with similar strike and dip; 
hence, Figure Sa actually represents 1516 
jomts. The girdle distribution indicates a-c 
joints carry completely around the batholith. 
The nonuniform distribution of the a-c joints 
and the shape of the batholith contribute to the 
polar character of the diagram. Polar concen- 
trations in the northeast-southwest and north- 
west-southeast corners are due mainly to simi- 
larity in strike and dip of a-c joints and a set of 
regional joints. The regional joints have a 
northeast and northwest strike and are close to 
vertical in all places. Where these coincide with 
the strike of the a-c joints the two sets are indis- 
tinguishable. In Figure 5a an effort was made 
to plot only the a-c joints in a zone about 3 
miles inward toward the center from the rim 
of the batholith. The polar character of the 
contour diagram still persists and is due not 
only to nonuniform distribution of a-c joints 
but also to the impossibility of distinguishing 
the regional joints from a-c joints where strikes 
and dips are the same. 

A contour diagram of what are thought to 
be only the regional joints in the intermediate 
central, intermediate, and outer zones of the 
batholith is given in Figure 5c. The contour 
diagram for 97 joints shows that these also 
occur throughout the outer portions of the 
batholith. 

Strong evidence favoring a primary origin 
for the a-c joints is found in the presence of 
pegmatite and aplite dikes with similar strikes 
and dips. A contour diagram of 135 joints of 
the intermediate central, intermediate, and 
outer zones is girdle-polar (Fig. 6d). The simi- 
larity of this diagram to that for a-c joints is 
striking. It strongly suggests that those joints 


with similar orientations in close proximity to 
the ones filled with pegmatite and aplite are of 
primary origin (PI. 4, fig. 2). 

a-b joints.—Interlamellar shearing separated 
some layers parallel or nearly parallel to planar 
flow structure—+.e., in the a-b plane. These are 
a-b joints (longitudinal joints) (Pl. 4, fig. 1). A 
contour diagram of 175 a-b joints in the inter- 
mediate central, intermediate, and outer zones 
has been prepared (Fig. 5b). The diagram is 
girdle polar. Here again the inability to dis- 
tinguish between regional joints striking north- 
west and northeast and a-b joints with the same 
strike is partly responsible for the polar charac- 
ter of the diagram. 

Pegmatite and aplite veins strongly suggest a 
primary origin for these joints. The contour 
diagram of 96 a-b joints filled with pegmatite 
and aplite is very similar to that for just the 
a-b joints (Fig. 6b). Long narrow veins 1-4 feet 
wide and up to a quarter of a mile in length are 
distributed at frequent intervals around the 
batholith. A contour diagram of 41 pegmatite- 
and aplite-filled a-c and a-b joints in the core 
of the batholith is girdle polar (Fig. 6a). This 
suggests that probably some of the joints rep- 
resented as regional in Figure 5d are actually 
either a-c or a-b joints. The pegmatites and 
aplites of the core are narrower and shorter 
than in the other zones. Few are more than 
1-5 inches wide and 25-50 feet long. 

No pegmatite and aplite dikes parallel the 
northwest-northeast regional joints in the 
north, east, south, or west portions of the 
batholith. 

Marginal fissures.—Marginal fissures are re- 
stricted to the outer mile-wide perimeter of the 
batholith. Dips are low, 10°-25°, and toward 
the center of the batholith. Pegmatite and 
aplite occur either singly or together and have 
occupied the marginal fissures. The contour 
diagram of 82 marginal fissures filled with peg- 


FicurE 5.—Contour D1aGRAMS OF PRIMARY FRACTURES AND REGIONAL JOINTS OF THE BATHOLITH 
(a) Contour diagram of 379 a-c joints in intermediate central, intermediate and outer zones. Plotted 


on lower hemisphere. 


(b) Contour diagram of 175 a-b joints in intermediate central, intermediate and outer zones. Plotted 


on lower hemisphere. 


(c) Contour diagram of 97 joints oblique to planar-flow structure in intermediate central, intermediate 


and outer zones. Plotted on lower hemisphere. 


(d) Contour diagram of 327 joints oblique to planar-flow structure in core of the batholith. Plotted on 


lower hemisphere. 


_ Note: Each joint measured in the field and plotted on Plate 1 represents 4 joints with similar strike and 
dip. Hence, Figures 5, (a), (b), (c) and (d) actually represent 1516, 700, 388 and 1308 joints, respectively. 
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matite and/or aplite is central polar (Fig. 6c). 
In Figure 5 of Plate 4 biotite-rich schlieren are 
crosscut by pegmatite and aplite occupying a 
marginal fissure. 

Aplite-filled shears —Aplite-filled shears oc- 
cur on the exfoliation dome immediately south 
of Enchanted Rock (PI. 4, figs. 3, 4) and 1 mile 
west of House Mountain. Planar flow structures 
in aplite are subparallel to the walls of the 
fissures. Planar flow structure of enclosing 
porphyritic medium leucogranite strikes oblique 
to walls of the fissure. 


Meaning of Flow Structures 


The flow-structure pattern is circular con- 
centric and possesses an overall continuity 
which reflects the shape of the chamber. In 
most places rock zones parallel flow structures, 
but in the north and south parts of the batho- 
lith flow structures cross rock boundaries where 
they bend or arch and are independent of them. 
This, combined with gradational contacts 
between all rock zones, suggests contempora- 
neity of development as well as emplacement 
of the granite mass as a single unit. 

Flow lines parallel the contact of the batho- 
lith with the metamorphic wall rocks where it 
is discordant as well as concordant. A higher 
degree of crystal alignment exists in the rock 
zones successively nearer the wall-rock contact. 
Also the amount of interphenocrystal area de- 
creases in rocks closer to the contact with 
metamorphic wall rocks (Pl. 6). Crowding of 
granite against wall rocks probably would aid 
in formation of both features. 

There is much less overall continuity of flow 
lines in the constricted north tip and core of the 
batholith. A frictional or “drag” effect by the 
wall rock of Valley Spring gneiss as the batho- 
lith moved up the trough of the Castell syncline 
with a spiral motion probably caused the pat- 


tern of flow lines in the north part of the 
batholith. 

The local discontinuity and swirl-like pat- 
terns of the flow lines in the central part of the 
core probably represent a slackening of the 
force of intrusion owing possibly to depletion of 
the magma reservoir. 


Meaning of Joints and Marginal Fissures 


The girdle-polar character of the contour 
diagram for a-c joints results from their subra- 
dial distribution at right angles to the concen- 
trically curved flow structures. While under a 
peripheral tensional stress owing to continued 
rise of the yet-mobile core, the outer, interme- 
diate, and intermediate central zones developed 
a-c joints. In places these opened “freely”. 
Pegmatites and aplites consolidated in the 
freely opening space and have vertical to near- 
vertical dips. Large, steeply dipping disc- 
shaped bodies of aplite in the northeast part of 
the batholith have their longer dimension nor- 
mal to the flow structures. Tensile stresses 
appear to have been more severe in this part of 
the batholith, indicated by the large number 
of aplite bodies present. 

Restricted distribution of marginal fissures to 
the outer zone, their prevailingly low dips 
toward the core, and the central-polar character 
of the contour diagram seem to indicate a near- 
vertical rising column of granite. Continued 
upward motion of the core material after outer 
zones had stiffened placed them under vertical 
tension and opened marginal fissures which 
were filled by aplitic and pegmatitic material 
(Fig. 7). 


Summary of the Structure 


The structures of Enchanted Rock batholith 
and its relation to country-rock structures indi- 


FicurE 6.—ConTOUR DIAGRAMS OF PRIMARY FRACTURES OF THE BATHOLITH FILLED WITH 
PEGMATITE AND/OR APLITE 


(a) Contour diagram of 25 a-b and 16 a-c joints of the core filled with pegmatite and/or aplite. Plotted 


on lower hemisphere. 


(b) Contour diagram of 96 a-b joints filled with pegmatite and/or aplite in intermediate central, inter- 


mediate and outer zones. Plotted on lower hemisphere. 


(c) Contour diagram of 82 marginal fissures filled with pegmatite and/or aplite in the outer zone. Plotted 


on lower hemisphere. 


(d) Contour diagram of 135 a-c joints filled with pegmatite and/or aplite in intermediate central, in- 
termediate and outer zones. Plotted on lower hemisphere. 
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cate that at the level now exposed by erosion 
the batholith was emplaced by forceful injec- 


and (6) the independence of rock-type boun- 
daries from flow-structure patterns which indi- 


tion accompanied by replacement of wall rocks. cates these two features formed contemporane- 


Sidewise motion of * 
crystallizing magma 


during transport in “o". 


during flow stage 


FicuRE 7.—RELATIONSHIP OF PRIMARY FRACTURES TO PRIMARY FLOW STRUCTURES 


The principal lines of evidence for injection are: 
(1) the overall continuity and circular concen- 
tric pattern of linear and planar flow structures 
within the batholith; (2) the local concentric 
swirl-like pattern of flow structures in the 
north part of the batholith; (3) the presence of 
moved inclusions within the batholith; (4) the 
subradial pattern of near-vertical a-c joints, 
some of which are filled with pegmatite or 
aplite or both, consistent with a continued 
peripheral stretching caused by upward move- 
ment of the core after the outer zone had 
stiffened; (5) the restricted occurrence (to the 
outer zone) of marginal fissures which are filled 
with pegmatite or aplite or both, attesting fur- 
ther to late upward surge of the batholith’s core; 


ously and further suggests the batholith was 
emplaced as a single unit without multiple 
intrusion. 

The pear-shaped outline and internal struc- 
tures of the batholith appear to have developed 
as the rising mass of granite assumed a position 
requiring minimum expenditure of energy yet 
maximum structural adjustment. 


PETROGRAPHY 


General 


Enchanted Rock batholith is made up of five 
kinds of granitic rocks: leucogranite, granite, 
leuco-quartz monzonite, quartz monzonite, and 
alkalic granodiorite. In all these the ratio of 
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boun- potash feldspar to plagioclase ranges from hornblende up to 1.4 per cent, sodic andesine is 
1 indi- slightly in excess of 2:1 to 1:1. In one isolated rare, and soda-lime feldspar slightly exceeds 
orane- occurrence the ratio was 3:1. The leucogranite potash feldspar. 
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(modification after Johannsen classification) 7 Sse 13 Outer 
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* Cat 
(after Niggli classification) 
_ (b) 
tiple Ficure 8.—Rock Types oF ENCHANTED ROCK BATHOLITH 
ruc- consists of quartz, microcline, sodic andesine, Gradational Nature of Rock Zones 
ped calcic to sodic oligoclase, and less than 5 per ee 
tion cent biotite. The granite differs only in having The modes used for final identification of the 
yet more than 5 per cent biotite, sodic andesine is Tock types were computed by the Rosiwal 
less calcic, and there is less of it. In quartz method with a determined error ranging from 
monzonite the ratio of potash feldspar to soda- 2 to 7 per cent, averaging about 5 per cent. This 
lime feldspar is between 6.5:3.5 and 1:1. This determined error is enough to affect final classi- 
terminology is used in place of the potash feld- fication of those rocks in which ratio of potash 
spar-rich adamellites of Johannsen. The aver- feldspar to plagioclase is very close to 1:1. 
five age quartz monzonite consists essentially of Johannsen’s (1931) quantitative mineralogical 
ite, quartz, microcline, sodic andesine, and calcic classification is used with slight modifications. 
and to sodic oligoclase with 3-10 per cent biotite. During the Rosiwal analyses record was kept of 
of The alkalic granodiorite differs only in having all albite. This consisted of microcline micro- 
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perthite and albite exsolution rims on plagio- 
clase at microcline-plagioclase boundaries. It 
was not possible to measure all albite in the 
microcline microperthite, but as much as was 
visible was included with the exsolution rim 
albite and all classified as plagioclase in plotting 
rock types on Figure 8a. This tends to shift the 
plot of rock types in the direction of granodio- 
rite, in contrast to Johannsen’s classification 
which places all microperthite in the potash 
feldspars. A plot after Niggli’s classification 
(Fig. 8b) tends to shift the plots toward granite. 

Distribution of rock types exhibited laterally 
within the batholith corresponds to the pear- 
shaped outline made by the contact with the 
metamorphic wall rocks (Fig. 1; Pl. 1). Four 
roughly concentric zones occur: (1) outer zone, 
medium to coarse leucogranite and granite; (2) 
intermediate zone, medium to coarse granite 
and quartz monzonite; (3) intermediate central 
zone, coarse quartz monzonite and alkalic 
granodiorite; and (4) the core, fine to medium 
leuco-quartz monzonite and leucogranite. Be- 
tween the outer zone and the metamorphic wall 
rocks, but not everywhere present, is a chilled 
border zone 10-20 feet in width consisting of 
porphyritic fine to medium leuco-quartz mon- 
zonite and quartz monzonite. Narrow apoph- 
yses of porphyritic leuco-quartz monzonite and 
leucogranite branch out into schist wall rocks 
from the outer zone. 

Contacts between individual rock zones are 
all gradational and could not be mapped as 
lines. The color patterns of Plate 1 indicate the 
approximate boundaries between rock types. 
The least gradational contact occurs between 
the intermediate central and the intermediate 
zones. Changes in color and relative propor- 
tions of minerals are noticeable throughout a 
distance of 50-100 feet. Microcline phenocrysts 
in the alkalic granodiorite and quartz monzo- 
nite of the intermediate central zone are grayish 
orange pink (SYR 7/2) and are set in a ground- 
mass of clear quartz and light-gray (N7) to very 
light-gray (N8) plagioclase with scattered 
microcline. Black (N1) biotite grains are abun- 
dantly scattered throughout the groundmass. 
This is in fairly sharp contrast to the porphy- 
ritic granite of the adjacent intermediate zone 
containing considerably more microcline pheno- 
crysts and quartz with less plagioclase and 
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biotite. This rock is moderate reddish orange 
(10R 6/6) to moderate reddish brown (10R 
4/6), with light-gray (N6) plagioclase. The 
alkalic granodiorite and quartz monzonite of 
the intermediate central zone appear predomi- 
nantly light gray (N7) with scattered grayish- 
orange-pink microcline phenocrysts, and the 
granite of the intermediate zone is a uniform 
moderate reddish orange. 

Toward the core grain size decreases; plagio- 
clase and biotite content drops over an average 
distance of an eighth of a mile on the west and 
five-eighths of a mile on the east side of the 
core. The rock throughout this zone is domi- 
nantly quartz monzonite but, in places, is 
leuco-quartz monzonite. Texturally it might 
be referred to as a transitional zone between 
the coarse alkalic granodiorite and quartz 
monzonite of the intermediate central zone 
and the fine leuco-quartz monzonite and leuco- 
granite of the core. Fine leucogranite seems to 
be concentrated in the center of the core, but 
no contact could be established so slight are 
differences in rock types (Fig. 1). 

The narrow arcuate ribs of quartz monzonite 
within the intermediate zone are discernible in 
the field only by the increase in plagioclase 
content accompanied by an increase in granu- 
larity from medium to coarse. These may be 
granitic in part. Contacts grade over a distance 
of several hundred feet. The granite of the inter- 
mediate zone and the leucogranite of the outer 
zone have a contact very difficult to locate more 
accurately than within 500 feet. 


Textural Variation Across Rock Zones 


Porphyritic texture prevails throughout all 
zones of the batholith (Pl. 6). Seriate porphy- 
ritic texture predominates in the outer, inter- 
mediate, intermediate central, and in parts of 
the core. Hiatal porphyritic texture occurs in 
rocks of the core, the chilled border, and the 
apophyses in the schist wall rocks. 

Feldspar is the major constituent of these 
rocks, and the arrangement and size of the feld- 
spar crystals generally determine the texture of 
the rock. Phenocrysts of microcline are set in 4 
groundmass of smaller crystals of microcline, 
plagioclase, quartz, biotite, some hornblende, 
and accessories. Plagioclase throughout the 
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textural zones is restricted to the groundmass, 
although a few phenocrysts can be found. These 
are adjudged in most crystals to have once been 
microcline now replaced by oligoclase. 
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system was used. The pycnometer method was 
used periodically to check accuracy of the 
specific-gravity values obtained with the appa- 
ratus. Pycnometer values never differed by 
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FicuRE 9.—VARIATION OF PLAGIOCLASE COMPOSITION IN RocK ZONES OF THE BATHOLITH 


Johannsen’s grain-size classification has been 
used (1931, p. 31). Groundmass texture of the 
core rock is predominantly fine extending 
slightly into medium. The remainder of the 
batholith has a groundmass texture of medium 
to coarse. Chilled border rocks are medium to 
fine, and apophyses have a fine groundmass 
extending occasionally into medium. 


Specific Gravity of the Rocks 


About 150 specific-gravity determinations 
were made on samples collected along the same 
traverse lines as those used in collecting thin- 
section material. The pycnometer method re- 
quired too much time, and a special apparatus 
was designed and constructed to obtain specific 
gravity of rough and square-cut chunks weigh- 
ing 25-200 grams. The principle of immersion 
buoyancy combined with an air-evacuation 


more than 0.4 per cent. This indicated the 
specific-gravity values obtained with the 
apparatus had an absolute limit of error of 
+0.01. At least two, sometimes three, and 
occasionally five determinations were made for 
each sample. 

Inspection of data shows two sets of fairly 
consistent values: (1) the core rock where spe- 
cific gravity ranges from 2.63 to 2.64, and (2) 
the intermediate zone where values range from 
2.63 to 2.66 (Fig. 9). A single sharp peak rang- 
ing from 2.67 to 2.71 occurs on all curves. It 
coincides with the plagioclase and biotite-rich 
intermediate central zone identified as porphy- 
ritic alkalic granodiorite. Values of the outer 
zone show a tendency to drop fairly suddenly 
and range from 2.60 to 2.64. This is a reflection 
of the low plagioclase and biotite content of the 
rock. 
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The specific-gravity curves obtained are were measured on a 5-axis universal stage by 


believed significant. Just as the differences in the Rittmann zone method. Approximately 
rock types are comparatively small for the 950 measurements were made on 75 thin sec- 


TABLE 1.—CHEMICAL ANALYSES 


Core Intermediate central zone "ws Outer zone 
Sample number 6 5 Sa 3 2 1 la 

oc 73.65 69.59 69.56 69.46 75.21 73.90 74.76 
13.42 14.43 14.74 14.59 12.86 13.61 13.16 
Serre 0.55 0.94 0.88 0.80 0.56 0.57 0.40 
1.42 2.53 2.34 2.65 0.96 1.51 
0.53 0.75 0.75 0.81 0.21 0.17 0.28 
1.3 2.18 2.21 2.03 0.99 0.89 0.85 
3.20 3.41 3.43 3.52 3.36 2.94 
4.70 4.75 4.66 4.57 4.70 6.01 5.67 
0.32 0.35 0.26 0.38 0.22 0.16 0.15 
0.08 0.01 0.04 0.07 0.01 0.01 0.04 
0.13 0.06 0.01 0.07 0.04 0.03 0.06 
0.24 0.47 0.46 0.50 0.21 0.15 0.19 
Eee rene 0.07 0.16 0.15 0.17 0.05 0.03 0.04 
0.05 0.04 0.07 0.07 0.07 0.02 0.03 
SR eer ee n.d n.d 0.08 n.d n.d n.d 0.03 
4 n.d n.d 0.24 n.d n.d n.d 0.08 
_ n.d n.d 0.04 n.d n.d n.d 0.03 
99 .69 99 .67 100.22 99 .69 99.72 99.72 100.22 

99 .69 99.67 100.10 99 .69 99.72 99.72 100.17 
EERE 2.652 2.685 n.d. 2.687 2.653 2.635 n.d 


1, 2, 3, 5, 6, J. A. Maxwell, analyst, 1953; la and 5a, R. B. Ellestad, G. Kahan, analysts, (Barnes, 


1947, p. 69, 78). 


batholith, so are the differences in specific 
gravity. 


Composition 


The compositions of the batholith rocks are 
gradational. It was not possible to measure the 
true average composition of the plagioclase. 
As many measurements as possible were made 
on individual oscillatorily and progressively 
zoned crystals. Relative widths and abundance 
of zoning in thin sections gave an approximate 
average of content of plagioclase, shown by the 
curved line in Figure 9. Sodic andesine can be 
found in all rock zones, but the commonest 
range of composition is Anjz—Ango. Secondary 
albite is excluded from the diagram, although 
it ranged from Anjo to Ano. Extinction angles 


tions collected along traverse lines rim-core-rim 
of the batholith and normal to flow structures. 
(Pl. 1). Results for traverses T;, T3, and T; are 
shown in Figure 9. Variation of An content is 
about the same in all rock zones. 

The chemical analyses of Enchanted Rock 
batholith show a silica range from 69.5 to 75.2 
per cent (Table 1). A plot of the analyses ona 
Harker variation diagram shows three bunched 
at one end about 69.5 per cent silica and 4 
scattered, yet still bunched, from 73.7 to 75.2 
per cent silica. A plot of 25 chemical analyses 
from 16 additional intrusions of the surround- 
ing area of the same petrographic province pro- 
vided a more suitable grouping of points 
through which smooth curves might be drawn 
and petrogenic interpretation of Enchanted 
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e@ ENcHANTED ROCK GRANITES 
Figure 10.—HARKER VARIATION DIAGRAM OF IGNEOUS ROCKS OF CENTRAL TEXAS 


Rock batholith attempted (Fig. 10). Geographic The plot of the oxides for igneous rocks of the 
location of individual intrusions and full petro- area shows a progressive chemical change, 
genic discussion of igneous rocks of the Pre- initially noted by Goldich (1941), and also 
cambrian area is outside the scope of this paper. brings out a grouping of the different rock 
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TaBLE 2.—MopeEs the 
Analyses by R. M. Hutchinson wel 
low 
Core (north half) Core (south half) Intermediate zone con 
refer to Fig. 8 in 
3 6 7 8 9 10 11 12 3 5 2 4 14 
4 CMS. ..:..0..%: 28.9 | 32.3 | 30.5 | 28.6 | 27.6 | 32.3 | 28.8 | 20.5 | 18.8 | 27.9 | 27.7 | 29.6 
a Microcline...... 34.9 | 35.0 | 32.4 | 37.1 | 43.0 | 32.4 | 32.1 | 36.6 | 34.7 | 33.2 | 39.3 | 37.9 si 
Andesine and/or 
oligoclase..... 26.6 | 28.1 | 31.3 | 28.3 | 20.0 | 26.6 | 30.4 | 26.3 | 33.6 | 28.0 | 21.8 | 22.5 = 
Albite (second- 
5.7 | (included in plagio- | 6.1 4.8} 3.9} 4.8] 60] 4.4] 5.0 
clase) Qui 
4291 3.2 3.3) 461 5.31 391 42 Ort 
Hornblende..... tr. | ....| 1.2] 1.4] 0.2] tr. Alb 
Sphene......... 0.3} 0.2] ....} 0.1 0.1} 0.1] 0.4] tr. | Anc 
Apatite........ 0.2] 0.2/....| 0.1] te. | 0.2] 0.3] 0.1] 0.1] 0.1 Hy 
Magnetite...... 0.2} 0.3} 0.4] 0.8] 0.2 0.1; 6.2) @.2 tr. 0.3 Ma 
Fluorite........ tr 0.1| tr tr. | tr. | 0.3] 0.1 
Plagioclase... . . Ana | Ane | | Anes | Ang; | Angs | Angs | | Anse | Anos | Anse | Any 
Anjs Anes | Ane | Anes | Ane3 | Ane7 Anges | Any 
Johannsen sym- aa 
126”P| 126”P| 226”P| 226”P| 126P | 126”P} 127” P| 226”P| 227”P| 227”P| 226P | 226’P No 
1 13 | 18 | | Cc: | Ce | Av | As | Am | | Aso | 
37.4 | 24.7 | 29.3 | 33.5 | 42 96.5. | 27.7 | .| 43.461: 41 40.4 Toc 
Microcline..... . 34.9 | 43.1 | 40.0 | 34.4 | 32.5 | 43.3 | 38.1 | 33.9 | 47.2 | 53.4 | 39.7 | 46.9 the 
Andesine and/or apy 
oligoclase.... . 918.4 | 22.2 | 21.2 | 26:6 | 24.7 | 22.6 | 19.8. | 24.2) 5.2] 7.5) 13.8] the 
46) $0) 46) 401 3.3 £6 | 2.2 Th 
3.3} 3.71 261 62) 72 | 48) Fil Mc 
Hornblende..... 0.7 2.8 Th 
Sphene......... O21 O11 O.6! t. 
Zircon......... 0.2| tr. | tr. | tr. | 0.1 | 0.2] 0.1] 0.2] ....] O14] 0. anc 
Apatite........ 0.1{ 0.1] 0.1] 0.2| tr | 0.1} tr | tr | tr ( 
Magnetite...... O21 8:1} 621 62 1.4 1.8| 0.4] 0.7] 0.6 Ro 
Fluorite........ tr. 0.1 silic 
iror 
Plagioclase. . . . . Ange | Ange | Ans | Anse | Anes | Angs | | Anos | Ango | | Ames | Anas anc 
Ane | Ani silic 
cur 
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types. Principal magma types are shown by proach those of Town Mountain granite plots In 
separate symbols on Figure 10. From the con- of similar SiO, range—the granite porphyry cur 
vergence of composition—i.e., where positions _ is considered the closest to being representative of | 
of the granite porphyry (llanite) plots ap- of the composition of the magma from which and 


j 


the Town Mountain granites in this SiO, range 
were crystallized. Aphanitic equivalents of 
lower SiO. range are not present to give better 
control in construction of the smooth curves 


in this range. 
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accompanied by a drop in the percentage of 
hornblende and biotite. With the decrease in 
mafites there is a corresponding increase in 
potash feldspar although the percentage of 


microcline is remarkably constant. Thus nor- 


TABLE 3.—Norms* 


Core Intermediate central zone Outer zone 
Sample No. 6 5 Sa 3 2 1 la 
32.28 24.54 23.46 25 .02 34.50 29.64 33.12 
Te 27.80 27.80 27.80 26.68 27.80 35.58 33.92 
27.24 28.82 31.44 29.34 28.30 27.24 24.63 
6.67 10.84 9.45 10.00 5.00 4.44 3.34 
3.24 .10 4.67 5.3 2.08 1.32 2.68 
0.70 1.16 1.39 1.16 0.70 0.93 0.70 
0.46 0.76 0.91 0.91 0.30 0.30 0.46 
Normative plagioclase Anoz Anges Any Any Any 


* 1a, 5a calculations by V. E. Barnes (1947, p. 69, 79); 1, 2, 3, 5, 6 calculations by R. M. Hutchinson. 


The variation curves in a solid black line are 
the nearest approach to being representative 
of the liquid lines of descent for the igneous 
rocks of central Texas. The area encircled about 
the two granite porphyry samples probably 
approaches closest to composition of magmas of 
the Town Mountain type granite in this area. 
The dashed line was obtained for only Town 
Mountain granites and differs considerably. 
The Sixmile granites are clustered somewhat 
and do not seem to fit the curves. 

Chemical changes for the rocks of Enchanted 
Rock batholith show that with increasing 
silica the variation curves for magnesia, lime, 
iron oxides, alumina, and accessories (titania 
and phosphorous pentoxide) decline. In the 
silica range from 69.5 to 75.0 per cent the K,O 
curve rises slightly while the Na,O shows a 
slight decline. Beyond 75.0 per cent the curves 
for KO and Na,O converge. Modal composi- 
tion of these same samples is given in Table 2. 
In terms of minerals, the shape of the potash 
curve is determined by the relative abundance 
of biotite and microcline. The decline in iron 
and magnesia with increasing silica content is 


poikilitic inclusions and as film or string micro- 


mative orthoclase in the outer zone is highest 


with a value of 35.6 per cent, but hypersthene 
drops from 5.3 to 1.3 per cent (Table 3). The 
biotite content of samples 1, 2, and 6 is almost 


the same. 


X-ray Analysis of Feldspars 


Phenocrysts of microcline were collected 


from representative samples of each rock zone, 


a chill border sample, and an apophysis in the 
schist wall rock. X-ray diffraction pattern 
tracings and powder photographs were obtained 
using CuKa radiation with a North American 
Phillips x-ray spectrometer and a powder 
camera, diameter = 143.2 mm, respectively. 
A tracing for plagioclase was also obtained and 
showed purity and phases present as well as 


being a standard of comparison for aid in dis- 


tinguishing microcline from plagioclase. 

The potash feldspar is in all cases, insofar as 
can be determined from optical and x-ray 
studies, a microcline perthite. Albite is present 
as a separate phase in the microcline both as 
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ROCK ZONES 
IN BATHOLITH 


CENTRAL 


LINTERMEDIATE 


INTERMEDIATE 


& 

33 


CHILLED 
BORDER APOPHYSES 
ROCKS ROCKS 


C, C3 A, Ag Ag 


CT Unmixed albite (albite mosaics, unmixed rims, perthitic), 


Unmixed oligoclase (microcline replacement and mosaics), 


GB Primary andesine and oligociase (oscillatory zonation 
and sharply twinned). 


FiGurE 11.—Mopat Composition OF PLAGIOCLASE IN ROCKS OF THE BATHOLITH 


perthite. “From powder and _ single-crystal 
x-ray-diffraction studies it was found that the 
microcline phenocrysts both from the core and 
the chilled border specimens had _ variable 
lattice parameters. Single-crystal x-ray-oscilla- 
tion photographs of cleavage fragments from 
the microcline perthite phenocrysts in speci- 
mens T;S32 of the core and C; of the chilled 
border zone showed that the exsolved sodium 
feldspar phase was comparable with low-tem- 
perature albite in lattice angles’? (Wm. Scott 
MacKenzie, personal communication). 


Plagioclase-Microcline Relationships 


In the hand specimen microcline phenocrysts 
dominate the texture and stand out either be- 
cause of their abundance or, where few in num- 
ber as in the core, are in contrast to the ground- 
mass (Pl. 6). Microscopically the most striking 
textural features are those of the plagioclase in 
both single grains and in grain-to-grain rela- 
tionships with microcline. Sodic andesine, calcic 


to sodic oligoclase, and albite occur and have 
characteristic textural modes. These are as 
follows: 

(1) Textures with albite 

1. Borders of clear albite on plagioclase at 
plagioclase-microcline contacts. Some of 
these rims contain radial and myrme- 
kitic quartz channels. 

2. “Albite mosaics” of clear microcrystals 
interstitial granular between large micro- 
cline and plagioclase grains 

3. Film, string, and patchy bands of micro- 
cline perthite commonly arranged paral- 
lel to (010), (110), and (210). Auto- 
morphic to hypautomorphic micro- 
crystals are also poikilitic in microcline 
commonly arranged parallel to (010), 
(110), and (210). 

(2) Textures with oligoclase 

1. Partial reconstitution or replacement of 
microcline with development of rapa 
kivilike texture (not true rapakivi where 
ovoidal structure is characteristic). 
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TABLE 4.—RELATION BETWEEN ALBITE RIMS ON PLAGIOCLASE AND MICROCLINE-PLAGIOCLASE BOUNDARY 
IN Rock ZONES OF THE BATHOLITH 


Location No. of contacts Mi-Pl | Mi-Mi| Mi-Q | PI-Pl | P1-Q Q-Q Total 
Total 49 16 56 14 34 34 200 
With 2ndary ab | 45 0 0 2 3 0 
diat sanid iti Total 55 3 33 31 50 29 200 
Intermediate central! zone. \ with 2ndaryab | 52 | 0 | O | 6 | 7] O 
ae Total 58 9 30 26 45 32 200 
Intermediate zone........... With 2ndary ab 52 0 0 3 3 0 
Total 41 12 44 18 39 46 200 
With 2ndary ab 39 0 0 6 8 0 
, Total 23 5 44 19 52 57 
Chilled border no. 1......... With 2ndary ab 23 0 0 3 3 0 200 
s Total 34 8 68 9 41 40 
Chilled border he eae ee With 2ndary ab 33 0 0 3 6 0 200 
? Total 36 16 58 2 35 45 
Chilled border no. 3......... With 2ndary ab 31 0 0 0 - 1 200 
‘ Total 16 34 88 3 15 44 
With 2ndary ab 14 0 0 0 0 0 200 
. Total 39 22 51 8 32 48 
Fe a With 2ndary ab 37 0 0 0 > 0 200 
: Total 18 62 72 0 4 43 
Apophysis no. 3a............ With 2ndary ab 18 0 0 0 i 0 200 
, Total 29 49 87 1 6 28 
Apophysis no. 3b............ With 2ndary ab 29 0 0 0 0 0 200 
‘ Total 35 47 78 1 5 34 
Apophysis no. 3c............ With 2ndary ab 35 0 0 0 0 0 200 


Have unreplaced microcline cores with 
mantles of oligoclase. 

2. Almost complete replacement of micro- 
cline crystals with microscopic-sized 
strongly embayed remnants of micro- 
cline core (extreme rapakivi) 

3. “Oligoclase mosaics”, patchy with 
heavy sericite which has replaced small 
to large portions of microcline crystals 

(3) Textures with oligoclase and sodic andesine 

1. Zoned plagioclase, automorphic to 
hypautomorphic, with multiple narrow 
sericite zones. In places microscopic- 
sized microcline is poikilitically enclosed 
and is automorphic. 

Andesine with some oligoclase is adjudged 
primary. In almost all places oligoclase, calcic 
to sodic, is attributed to unmixing. As the sodic 
feldspar unmixed it occupied some of the vol- 
ume previously occupied by alkali feldspar, 
and unmixing and replacement operated at 
different places and at different times. Oligo- 
clase in most crystals has replaced microcline 
but before doing so appears to have migrated 


from its initial site of unmixing. Albite in all 
places is regarded as secondary. In an effort 
to determine the variation in amount of these 
types, modal percentages of only these plagio- 
clase types have also been run on the repre- 
sentative suites of thin sections from each rock 
zone and are shown in Figure 11. 

Plagioclase (andesine and oligoclase), zoned 
and carrying multiple sericite zones (Fig. 17; 
Pl. 9, figs. 1, 3, 5; Pl. 10, fig. 1), suggests former 
oscillatory zoning and is adjudged to be pri- 
mary. 

Oligoclase with mottled mosaic structure 
containing sericite distributed at random with 
faintly visible albite twinning and Carlsbad 
twinning commonly has replaced parts of 
microcline (Pl. 8, fig. 1). In many places a 
few unreplaced heavily embayed microcline 
remnants remain (Pl. 8, figs. 2, 6). Plagioclase 
with multiple sericitic zoning surrounds some 
cores containing strongly embayed microcline 
remnants. Distribution oi sericite within the 
interior is irregular and random (PI. 8, fig. 2). 

Calcic to sodic oligoclase mantles on micro- 
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cline cores (Fig. 18; Pl. 10, figs. 2, 3, 4) have 
embayments convex toward the microcline 
commonly with apophyses of oligoclase ex- 
tending into the unreplaced core (Pl. 8, figs. 
3, 4). Figures 3, 4, and 5 of Plate 8 are en- 
larged views of the oligoclase mantle-micro- 
cline core contact of the large rapakivi in 
Figures 3 and 4 of Plate 10. Microcline crystals 
in various stages of replacement are shown in 
Figures 3-6 of Plate 8. Xenomorphic fluorite 
commonly occurs in the oligoclase mantle, 
especially where there has been heavy seri- 
citization (Pl. 8, figs. 3, 4). Sericite in some 
places is distributed evenly in one set of albite 
lamellae (Pl. 8, fig. 4) and in others is dis- 
tributed uniformly throughout regardless of 
zoning (PI. 8, figs. 3, 5, 6). 

Fine aggregates of limpid grains—i.e., 
“albite mosaics’, (Pl. 7, fig. 6)—fill angular 
openings between large microcline and plagio- 
clase grains. Narrow stringers and veinlets of 
perthitic albite commonly parallel (100), (110), 
and (210) crystallographic planes (Pl. 7, 
figs, 2, 4, 5, 6). 


The type of boundary and the presence ¢ 
secondary albite were recorded for 200 grain 
contacts in representative thin sections from 
all rock zones, chilled border zone, and apoph. 
yses in the schist wall rocks (Table 4), 
Table 4 indicates that nearly all the secondary 
exsolved rim albite external to microcline 
crystals lies at the microcline-plagioclas 
boundaries. The amount of secondary albite 
occurring as exsolution patches in microcline 
crystals and as rims on plagioclase at micro- 
cline-plagioclase boundaries shows a marked 
decrease in rocks of the chilled border zone and 
apophyses. Rims are narrowest in apophyses, 
thicker in chilled border rocks and the core, 
and thickest in intermediate central, inter. 
mediate, and outer zones. (Compare Figures 
1, 2, 3, 4 of Plate 7.) 


Twins and Zones in Plagioclase 


Abundance of feldspar zoning and poly- 
synthetic twinning in plagioclase seems to be 
related to location or particular rock zone in 


Pirate 7.—PLAGIOCLASE-MICROCLINE RELATIONSHIPS 


FicurE 1.—Albite rim on plagioclase at plagioclase-microcline boundary. Rim is absent at quartz con- 
tact (white), and there is also absence of microperthite (Leucogranite from core, X38, T;Sz.). 
Ficure 2.—String microperthite and albite rim on plagioclase at plagioclase-microcline boundary 


(Leucogranite from outer zone, X13, T2S;). 


Ficure 3.—Albite rim on sodic oligoclase crystal bordered by quartz and microcline (intermediate 


central zone, X13). 


Figure 4.—Narrow albite rim on plagioclase at plagioclase-microcline boundary. Rim is absent at quartz 
contact (gray, white), and string microperthite is present (Apophysis, As, X13). 
FiGurE 5.—Veinlets of exsolved albite that have filled fractures in microcline phenocryst in porphyritic 


medium granite (outer zone, X13, T2S;). 


Ficure 6.—“Albite mosaics”, i.e., aggregates of small unmixed albite grains recrystallized between large 


crystals of microcline (outer zone, X13). 


8.—PLAGIOCLASE-MICROCLINE RELATIONSHIPS 


FicurE 1.—Oligoclase with mosaic structure of several crystals and randomly distributed sericite. 
Oligoclase has recrystallized between microcline crystals and partly replaced these (outer zone, X13, T2S;). 
FicurE 2.—Plagioclase with multiple sericitic zoning surrounds microcline core almost completely re- 
placed by oligoclase. Sericite irregularly distributed in replaced portion of the microcline core (intermediate 


central zone, X13, T3Sz7). 


Ficures 3, 4.—Enlarged views of oligoclase mantle-microcline core contact of large rapakivi (Pl. 10, 
fig. 4, X and Y). Anhedral black grains are fluorite. Sericite occurs varyingly (outer zone, Fig. 3, X13, 


Fig. 4, X38, T:S;). 


Ficure 5.—Enlarged view of oligoclase mantle-microcline core contact of large rapakivi (Pl. 10, fig. 
3, X). Remnants of microcline strongly embayed. Sericitization both irregularly and selectively distributed. 
Faint albite lamellae inherited from replaced microcline (intermediate central zone, X38, T;Su). 

FicurE 6.—Splotchy sericite and faint narrow albite lamellae inherited from microcline replaced by 


oligoclase (outer zone, X13, T2Ss). 
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the batholith. Plagioclase, zoned and carrying 
multiple sericite zones suggestive of former 
oscillatory zoning, occurs throughout all rock 
zones but shows marked increase in abundance 
throughout the rock zone transitional to the 
core and especially in the core. Polysynthetic 
twinning of the albite type in oscillatorily 
zoned plagioclase has involved only parts of 
crystals located in the core and the zone tran- 
sitional to the core (PI. 9, figs. 2, 3, 4). 

Development of polysynthetic twinning 
across zoned crystals appears to eliminate the 
zone lines but fails to disturb the narrow bands 
of sericite (Pl. 9, figs. 1, 2, 3, 4, 5). Many zoned 
plagioclase crystals of the core are without 
polysynthetic twinning. In contrast, oscilla- 
torily zoned crystals in the other rock zones 
where seen have always been polysynthetically 
twinned completely throughout. Microcline 
of the core rock commonly exhibits faint zona] 
growth bands with microscopic automorphic 
to hypautomorphic plagioclase crystals oriented 
parallel to zone lines (PI. 9, fig. 6). 


“Chill” Border and Metasomatism of Wall Rocks 


Exposures of the contact between granite of 
the outer zone and metamorphic wall rocks 
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are not continuous along the 45-mile perimeter 
of the batholith. Most of them occur along the 
south, east, and north sides where erosion by 
Sandy, Silvermine, Bullhead, and Bear Springs 
Branch creeks has exposed the contact. Along 
northeast, east, and southeast edges meta- 
somatism seldom extends more than 5-10 
feet into the wall rock. Contacts are either 
sharp with little or no replacement visible 
(Pl. 5, fig. 2), or microcline porphyroblasts 
extend into wall rocks with decreasing abun- 
dance fora distance of up to 10 feet (PI. 5, fig. 1). 

Porphyritic, fine to medium leuco-quartz 
monzonite occurs along the northeast, east, and 
southeast perimeter. The rock here has notice- 
ably finer groundmass texture, smaller pheno- 
crysts, and is interpreted as being a chilled 
texture. What is adjudged a “chill” zone of 10- 
20 feet in width consisting of leuco-quartz 
monzonite extends 11 miles, from H. Keese’s 
ranch house to J. G. Moss’s ranch house on the 
east side of Enchanted Rock. Contacts of this 
“chill” facies with gneissose and schistose 
wall rocks are either sharp with very little 
replacement evident (PI. 5, fig. 2), or replace- 
ment of schist or gneiss extends up to 5 feet 
into the wall rocks (Pl. 5, fig. 1). Throughout 


PLATE 9.—PLAGIOCLASE-MICROCLINE RELATIONSHIPS 


Ficure 1.—Plagioclase crystal carrying multiple sericite zones suggestive of former oscillatory zoning 


(core, X13, plane light, T;S.). 


Ficure 2.—Same as Figure 1 except nicols are crossed which brings out zones and apparent partial elimi- 
nation of zones by development of polysynthetic twinning (core, X13, T:S«). 
Ficure 3.—Oscillatorily zoned plagioclase with narrow zones partially eliminated by polysynthetic 


twinning (core, X13, T3S39). 


Figure 4.—Enlarged view of Figure 3 showing straight-line edges of the zones, rectangularlike poikiliti- 
cally enclosed microcline, and partial elimination of zones by polysynthetic twinning (core, X38, Fig. 3, X). 
Figure 5.—Completely polysynthetically twinned oscillatorily zoned plagioclase crystal (transition to 


core, X13). 


Figure 6.—Faint zonal growth in microcline with poikilitically enclosed albite grains. Microperthite is 


absent (core, X13, T;Se). 


10.—RAPAKIVI AND ZONED PLAGIOCLASE 


Ficure 1.—Zoned plagioclase in alkalic granodiorite of the intermediate central zone. Oscillatory zona- 
tion is rough and irregular. Veinlet is calcite. Diagrammatic sketch shown in Figure 17. 

Ficure 2.—Rapakivi from intermediate central zone. Replacement mantle of oligoclase, Anse, surrounds 
core of unreplaced microcline. Veinlike penetrations of oligoclase partly controlled by (110). Sericitization 
followed (110) and albite lamellae. Diagrammatic sketch shown in Figure 18. 

Ficure 3.—Large thin section of porphyritic alkalic granodiorite of intermediate central zone. Replace- 
ment mantle of oligoclase, Ang, surrounds core of unreplaced microcline. Growth of crystal resulted in 
steplike offsetting of Carlsbad twin plane. Enlarged view of X is given in Figure 5 of Plate 8. 

FIGURE 4.—Large thin section of porphyritic leucogranite from outer zone. Replacement mantle of 
oligoclase, Ang;, surrounds core of unreplaced microcline. Rim of oligoclase thicker on ends of crystal than 


on edges. Enlarged views of X and Y are shown in Figures 3 and 4 of Plate 8. 
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this distance xenoliths of metamorphic wall 
rocks are not abundant and are small, angular, 
or rounded. 
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occurred at each area, the general relations of 
wall rock to granite of the outer zone differ g 
each area. 
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FicurE 12.—Mopat Composition Across GRANITIZED Contact (ScHIsT-GRANITE) AT NortTH Part 
OF THE BATHOLITH 


Very few are larger than those shown in 
Figures 4 and 5 of Plate 5. Most are smaller. 
“Chill” border features also occur on the south- 
west flank of the batholith where it crosses the 
Gillespie County line (PI. 1). 

Considerable replacement of schist wall 
rocks has occurred along two separated zones. 
One is south of the source of Sandy Creek at 
the extreme south tip of the batholith, and the 
other is at the north tip of the batholith, 500 
feet north of where Bear Springs Branch Creek 
flows off granite of the outer zone onto Valley 
Spring gneiss. Although replacement has 


At the south tip of the batholith, metasoma- 
tism has advanced as far as 1500 feet into 
blackish-gray schist. Light-gray microcline and 
quartz porphyroblasts have lightened color of 
the schist and partly eliminated its foliation. 
Several large elongate lenses of schist within 
the area of partial replacement are nonporphy- 
roblastic and seem to have resisted replacement 
(Pl. 1). The zone of partial replacement 
irregularly convex toward schist wall rock to 
the south and has altered the schist for about 
2500 feet parallel to the granite-schist contact. 

Throughout the length of this 2500 feet, 
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contact of granite with schist remains sharp 
and dips 80°-85° S. under the schist. The 
granite mass abuts and partly bypasses a 
narrow dike of aplite, 25-50 feet in width and 
about three-quarters of a mile in length. Some 
decrease in grain size occurs in the granite 
where it contacts schist. Granite of the outer 
zone of the intrusion north of this replacement 
area is singularly free of xenoliths and basic 
schlieren. Three-fourths of a mile north of the 
wall rock in the interior of the outer zone there 
are several 2- to 3-inch thick biotite schlieren 
10-15 feet long. 

Structural and mineralogic changes across 
the granite-schist wall-rock contact at the 
north tip of the batholith are shown in Figure 
12. The modal changes shown represent a 
quantitative estimate of the changes that are 
thought to have occurred. Actual contact of 
unreplaced and partially replaced schist is 
covered by alluvium but is not more than 25 
feet west of station 1 on Figure 12. Change 
from granite of the outer zone toward schistose 
wall rock is gradual and differs from that at 
the south tip by an accumulation of calco- 
ferromagnesian minerals in the form of a 
“basic front’’. 

The zone of replacement and extreme por- 
phyroblastesis is restricted to a 100-foot dis- 
tance from stations 1 to 4. Microcline and 
quartz replace the schist throughout this zone. 
From wall rock outward the hornblende: 
biotite ratio is 14.7:11.1 at station 1 and 
5.6:9.1 at station 4. Additional replacement 
of earlier-formed microcline by oligoclase also 
occurred (Fig. 12b). 

At station 3 there is a sharp drop in modal 
microcline and plagioclase, coupled with an 
increase in hornblende, biotite, and accessories 
throughout a 5-foot rock zone. The entire 5-foot 
zone runs higher in the calco-ferromagnesian 
minerals throughout, approaches equigranular 
texture, and, what is most striking, has several 
6-3 inch bands of dark minerals in higher 
concentration (PI. 5, fig. 3). 

Mineralogic changes throughout the 500 feet 
from station 4 to 5 appear to have become 
stabilized about the composition of granite. 
The basic minerals accumulated into a “basic 
front”, averaging 5 feet in width, probably 
were expelled from the direction of the wall 
tock toward the outer zone. As shown by the 
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mineral-variation diagrams it would seem the 
replacing materials scaght to establish chem- 
ical and modal equilibrium about the composi- 
tion of granite. Some ferrous iron, probably 
released as hornblende recrystallized to biotite, 
was oxidized and incorporated in newly formed 
microcline giving it a pinkish color. The micro- 
cline within the 100-foot replacement zone 
becomes less gray and increasingly pinkish to 
orangish red as the zone of stabilized granite is 
approached. Considerable hornblende is also 
lost. 

It should be emphasized that this zone of 
replacement carries for a distance of only about 
200 feet parallel to the wall rock in this area. 
Nowhere else along the border of the batholith 
has such a contact with the metamorphic 
wall rocks been seen as has been described 
here. 


Metasomatism of Inclusions 


About 600 xenoliths were mapped, and 95 
per cent consisted of dark biotite-hornblende- 
quartz-feldspar schist. These disc-like xenoliths 
ranged from hand sized to as much as 10 by 40 
feet. The most prevalent size averaged about 
1 by 2 feet. Not all xenoliths in the batholith 
were mapped; an estimated 20-30 per cent ot 
the possible total are shown on Plate 1. In 
total bulk and outcrop area less than 1 per cent 
and possibly not more than 0.5 per cent of the 
surface of the batholith consists of inclusions. 
(This figure includes inclusions not mapped.) 

Some of the larger inclusions are much 
granitized, but probably not more than 15 
per cent of those mapped have been so affected. 
Most are relatively little replaced and contain 
scattered microcline porphyroblasts. Rows and 
clusters of xenoliths have similar compositions, 
whereas those scattered as little as 100 feet 
apart may have a variety of schistose compo- 
sition. 

Three unusually large bands of igneous- 
appearing rock west of House Mountain near 
Hickory Creek may be severely granitized 
schist septa. Texture and composition of these 
is medium porphyritic granitic, but that of the 
enclosing rock is coarse porphyritic and is 
quartz monzonite. Textural change is sharp 
where they meet and contacts dip 36°-80° 
toward the core. Except for the uniformly 
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finer texture, the rocks do not run higher in 
biotite than surrounding granite. Several 
small dark schist inclusions within the igneous- 
appearing rock are oriented transverse to flow 
structures. Two miles north of House Moun- 
tain, a narrow band of quartzitic rock about 
1200 feet long has been partially replaced by 
microcline porphyroblasts and some silica. 
These larger bands total about one-third of a 
square mile in area. 


PETROLOGY 
, Age Determinations 


Two samples were collected for age deter- 
minations by the “Larsen Method” (Larsen 
et al., 1952), one from the outer zone and the 
other from the intermediate central zone. 
Age of the outer-zone rocks is 795 million 
years (average) and the intermediate central 
zone is 835 million years (Table 5). Inasmuch 
as Larsen’s Method is believed accurate to 
within +10 per cent, rocks of the two zones 
cannot be shown to be of different ages. An 
overall average for both rock zones is 815 
million years and may be taken as the age of 
Enchanted Rock batholith. 

Alteration of the zircon to the metamict 
condition produced platy structure in the 
zircon with radiogenic lead concentrated more 
highly in some plates than others. Separate 
age determinations were made on the high-lead 
and low-lead portions of the platy metamict 
zircon and served as a check. These are shown 
in Table 5 and are labeled TM-1A and TM-1B. 


Development of Rock Zones 


A critical control in the development of the 
rock zones of the batholith was the time relation 
between intrusion and final crystallization. 
Continued upward bulge of the core of the 
batholith forced the granite against the wall 
rocks and produced tensional deformational 
effects which finally fractured the rigid exterior 
zones. Of great importance during the rise of 
the granite was the minor deformational effect 
of compressional squeezing which forced 
crystals together and filter-pressed off the yet- 
liquid fraction. For the level in the earth’s 
crust at which the batholith was emplaced and 
now stands the liquid fraction was probably 


of minor quantity. During this time the potash 
feldspars were unmixing, and some of the up. 
mixed material probably was carried anj 
filter-pressed toward the core by a front o 
sodic-rich hydrothermal solutions movin 
inward ahead of an advancing front of crystal. 
line immobility. 

Unmixing of potash feldspars took place 
beyond the perthitic stage to give nearly 
potash-free plagioclase and soda-free micro. 
cline. The unmixed plagioclase fraction js 
believed to have consisted principally of oligo. 
clase and albite, possibly with some sodic 
andesine. Tuttle (1952, p. 115) reported that the 
plagioclase component of perthite is commonly 
oligoclase and in some cases may be as calcic 
as andesine. Such a process of unmixing and 
recrystallization played a vital role in develop. 
ing the mineralogical and textural relationships 
of the batholith. 

Figure 11, showing the overall variation of 
plagioclase content in the rock zones of the 
batholith, illustrates two important changes: 
(1) the progressive increase in primary plagio- 
clase from the outer zone to the core, and (2) 
the systematic variation in amount of unmixed 
oligoclase. The importance of the role of liquid 
in the formation of primary plagioclase (sodic 
andesine to calcic oligoclase) increased toward 
the core. Two principal concentration maxima 
of secondary unmixed oligoclase occur, one in 
the intermediate and the other in the inter- 
mediate central zone. The latter is flanked on 
either side by two oligoclase minima, one in the 
core and the other on the inner edge of the 
intermediate zone next to the intermediate 
central zone. 

Field occurrence of these zones (PI. 1) finds 
expression as arcuate ribs of rock, their con- 
tacts gradational and subparallel to the outline 
of the batholith. Boundaries between the zones 
of maximum and minimum oligoclase cut 
across flow structures of the rocks where these 
bands pinch out. The independent relationship 
as well as the gradational character of the 
contacts suggests both contemporaneity of 
development and emplacement of the mass of 
granite as a single unit. 

Concentrations of oligoclase maxima to form 
quartz monzonite zones probably developed 
as the inward-moving front of crystalline 
immobility moved faster than did the front of 
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TABLE 5.—AGE DETERMINATIONS OF ZIRCONS FROM ENCHANTED ROcK BATHOLITH* 


Source and number of sample FA Lead (ppm) Age (M.Y.) 
Outer rock zone TM-1A..................--.. 340 116 771 
795 (avg.) 
Outer rock 494 180 820 815 (avg.) 
Intermediate central zone TM-2............... 404 150 835 


* All age determinations corrected for parent decay of the zircon. Analyses by David Gottfried and 
H. W. Jaffe. 


TABLE 6.—CHEMICAL ANALYSES OF VALLEY SPRING GNEISS AND PACKSADDLE SCHIST 


11 12 13 14 15 16 17 
72.62 74.11 76.47 71.10 74.91 70.92 63.21 
12.93 13.58 11.64 12.16 11.78 15.72 16.81 
1.49 1.14 0.50 2.02 2.08 0.63 2.30 
1.54 0.77 1.26 1.59 0.54 0.79 3.70 
0.36 0.12 0.38 0.94 0.06 0.48 2.03 
1.15 0.99 0.10 1.08 0.03 0.95 4.08 
3.77 3.40 1.41 1.00 0.36 5:55 4.02 
4.71 7.79 8.75 10.06 4.31 1.92 
0.28 0.05 0.18 0.13 0.00 0.11 0.55 
0.05 0.03 0.02 0.08 0.02 0.04 0.04 
0.44 n.d 0.02 0.41 0.01 0.03 0.05 
0.21 0.24 0.11 0.33 0.14 0.33 0.57 
n.d n.d 0.02 n.d. 0.02 0.07 0.31 
crn rere n.d n.d 0.02 n.d. 0.01 0.01 0.16 

n.d n.d n.d. n.d. n.d 0.13 n.d 
99.55 99.56 99.92 99.59 | 100.02 | 100.07 99 .87 


Analyses 11-16 by Barnes e¢ al. (1947) analysis 17 by R. M. Hutchinson (PhD. thesis, Univ. Texas, 
May 1953). 

11, Valley Spring gneiss, Llano Co.; 6 feet below top of west wall of Premier gray-granite quarry 2.7 
miles south of Sixmile; sampled from light-colored portion of steeply dipping gneiss-schist series, collected 
by V. E. Barnes and G. A. Parkinson; R. W. Perlich, analyst 

12, Valley Spring gneiss, Gillespie Co.; east side of highway cut north of Bell Mountain, 2 miles by 
toad southwest of Legion Creek bridge, and about 500 feet south of a concrete culvert; collected by V. E. 
Barnes and G. A. Parkinson; R. W. Perlich, analyst 

13. Valley Spring gneiss, Llano Co.; east side of highway cut near Baby Head and near Ilanite dike; 
collected by H. B. Stenzel; R. B. Ellestad, analyst 

14. Valley Spring gneiss, Burnet Co.; 5 feet beneath surface in cut north side of Llano-Burnet high- 
way, 7.2 miles west of highway intersection in Burnet; collected by V. E. Barnes and G. A. Parkinson; 
R. W. Perlich, analyst 

15. Valley Spring gneiss, Llano Co.; 1.8 miles east of road intersection at Baby Head, on creek parallel 
to Wilberns Glen road, from a ledge which forms a water fall; collected by H. B. Stenzel; R. B. Ellestad, 
analyst 

16. Valley Spring gneiss, Burnet Co.; from north ditch of old Llano-Burnet road, on east slope of a 
small hill, 1.56 miles west from point where this road forks from new Llano-Burnet highway; collected 
by H. B. Stenzel; R. B. Ellestad, analyst 

17. Packsaddle schist, Llano Co.; 1 mile north-east of Enchanted Rock dome on east side of Sandy 
Creek, 1000 feet due east of granite-schist contact of Enchanted Rock batholith; collected by R. M. 
Hutchinson; J. A. Maxwell, analyst 
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the filter-pressed material thereby effectively 
fixing its position permanently. The position 
of the plagioclase-rich intermediate central 
zone next to the core probably resulted from 
behavior of the core during the last stages of 
cooling. Distinctly less seriate porphyritic tex- 
ture and hiatal porphyritic texture begin with 
rocks of the intermediate central zone and in- 
crease toward the core where hiatal porphyritic 
texture prevails. 

A last upward surge of the yet partially 
mobile core could have been initiated through 
partial failure of the roof and ensuing partial 
escape of volatiles. Such an escape of volatiles 
would affect all parts yet mobile and result in a 
“sweeping-out” action of interstitial liquid. 
The filter-pressing action was _ intensified 
during this time, as all materials free to move 
or capable of transport in solution sought 
positions of maximum equilibrium along the 
energy gradient. Contact between the inner 
edge of the intermediate zone and the outer 
edge of the intermediate central zone is less 
gradational than that between the core and the 
intermediate central zone. This probably 
developed after all available or movable oligo- 
clase on the coreward side of the intermediate 
zone had been moved into the intermediate 
central zone. Depletion of the magma reservoir 
probably resulted in cessation of intrusion. 
This combined with failure of the roof rocks 
and partial loss of volatiles produced an in- 
creased rate of cooling and crystal growth 
throughout the core. Movement of sodic-rich 
hydrothermal solutions and unmixed sodic 
plagioclase was checked as the core stiffened 
and both were “dammed” in the present 
intermediate central zone. 


Significance of Plagioclase-M icrocline 
Relationships 


The microscopic study of the twin-zone 
relationships of many hundreds of plagioclase 
crystals collected along traverses rim-core-rim 
across the batholith has shown that oscillatorily 
zoned plagioclases of the core and transition 
zone to the core may lack albite twinning or, as 
in most crystals, are only partially twinned as 
shown in Plate 9. This is in marked contrast 
to crystals in all other zones where they are 


strongly and completely twinned. Evidence j 
conflicting concerning the relative importano; 
of the strain effect in the development of albi 
twinning in primary crystals. Emmons (1953 
established the time of polysynthetic twinning 
as very late in the period of growth of th 
crystal and emphasized that polysynthetic 
twinning is, in feldpars as in metals, a strain 
effect, a mechanical feature which depends in 
part on environmental factors. MacKenzie 
(1955, personal communication) and Emmons 
(1953, p. 54) stated that when either albite or 
anorthite crystals are grown in the laboratory 
they are invariably multiply twinned. Thes 
crystals are sometimes quite outside the glas 
and have been free to develop crystal faces 
yet they are multiply twinned. It would appear 
that such crystals have not been twinned by 
any strain effect. Polysynthetic twinning can 
probably be produced by strain, but it need 
not be due to this alone. 

The environmental factors described in the 
development of the rock zones would explain 
the partial twinning of oscillatorily zoned 
crystals in the transition zone and core. During 
the stages of inward crystallization the entire 
intrusion was bulging upward and outward. 
This motion produced deformational effects, 
tensional in character, which finally fractured 
the sufficiently rigid exterior zones. Of great 
importance during this stage was the minor 
deformational effect of compression which 
squeezed the crystals together and strained 
them. Interstitial quartz shows erratic, gener- 
ally weak, undulatory extinction from zone to 
zone. Plagioclase crystals in each succeeding 
rock zone from the outer zone inward could 
have developed polysynthetic twinning as they 
were strained by the cont:aued force of intru- 
sion of the yet-mobile core. Partial and con- 
plete lack of polysynthetic twinning of the 
oscillatorily zoned plagioclases in the core 
indicates that crystallization probably took 
place in an environment of decreasing strait. 
The upward bulge of the core gradually ceased 
and the remaining plagioclase liquid probably 
formed as oscillatorily zoned untwinnel 
crystals. The partly twinned crystals could have 
been formed in the waning stage of intrusion 
when tensional stresses and compression® 
squeezing were very weak to nonexistent. 
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The concept of a waning force of intrusion 
yith an accompanying “strain effect”’ produc- 
ing albite twinning in primary plagioclase of 
the batholith could be valid. Despite the fact 
that the structural and intrusive history of the 
batholith suggests such an influence, it is not 
definite that the twin-zone relationships are 
due to this, either in whole or in part, although 
it does seem probable that strain is partly 
responsible for polysynthetic twinning. 

Examination of oscillatory zoning in detail 
shows regular inner boundaries between 
extremely thin zones (Pl. 9, figs. 3, 4, 5). 
Bowen’s explanation that this type of zoning 
may arise from “‘the forcing of a hotter liquid 
magma through a crystal mesh” (1928, p. 275) 
satisfies the environmental conditions indi- 
cated by other lines of evidence and predicates 
the same conditions during intrusion as are 
indicated by the structural evidence. The 
progressive increase in number of oscillatorily 
zoned crystals from the outer zone inward to 
the core indicates liquid played an increasingly 
important role in formation of the granite 
toward the core. 

Rapakivi are very abundant in the plagio- 
clase-rich intermediate central zone. They have 
not been observed in the core and are rare in 
all other rock zones. One slab of rock from the 
intermediate central zone, 25 by 100 cm on a 
side, which is typical, contained four rapakivi 
and three completely replaced microcline 
crystals surrounded by oligoclase. Crystals of 
oligoclase-replaced microcline commonly range 
on cross section from 5 by 12 mm to 13 by 54 
mm. Many are smaller. 

The oligoclase mantle surrounding each 
microcline core invariably contains tiny dis- 
seminated hypautomorphic flakes of biotite. 
Microcline crystals completely replaced by 
oligoclase have biotite flakes ranging from 
05 by .1 mm to .1 by .5 mm disseminated 
throughout. Part of the potassium displaced 
from the microcline probably contributed to 
formation of the secondary biotite. The biotite 
flakes in the oligoclase mantle are noticeably 
smaller than those elsewhere throughout the 
Tock. 

The almost complete limitation of the abun- 
dant rapakivi to the intermediate central zone 
developed after unmixed sodic plagioclase 
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had migrated most probably from the inter- 
mediate zone into the intermediate central 
zone. The petrographic and structural evidence 
suggests that unmixed sodic plagioclase had 
a mobility allowing it to behave similar to the 
rest magma in a crystallizing magma. Gates 
(in Emmons, 1953, p. 58, 61) has proposed a 
similar approach in another area. Sodic-rich 
hydrothermal solutions derived from the 
cooling Enchanted Rock batholith probably 
aided in transporting the unmixed sodic 
plagioclase. Dr. O. F. Tuttle (Personal com- 
munication) has called attention to the fact 
that (1) his laboratory experiments have shown 
unmixing of sodic plagioclase from potash 
feldspar will go on in a few hours if water vapor 
is present to flux the reaction, and (2) potash 
feldspar of granite can carry 40-60 per cent 
plagioclase in solid solution. On this basis he 
suggests the oligoclase mantles around micro- 
cline cores in the intermediate central zone 
could be derived by unmixing from the very 
same crystal each mantle surrounds. A rela- 
tionship such as this would mean that the chief 
role of the hot vapor phase in the intermediate 
central zone was to flux the unmixing reaction. 
This would require that considerably less un- 
mixed sodic need be derived from the adjacent 
intermediate zone. Perhaps none (?). The hot- 
vapor phase, it is believed, moved from the 
intermediate into the intermediate-central 
zone, pushed toward the core by a filter-pressing 
action, and it carried some unmixed sodic plagi- 
oclase with it. The principal direction of com- 
pressional squeezing was maintained at right 
angles to the outline shape of the chamber. 
This is indicated by subparallelism of rock-zone 
boundaries to contact with the wall rocks. 
Under the influence of a structural control 
imposed by the shape of the chamber, the 
inward movement of an “interface of immo- 
bility” (Compton, 1955, p. 28) began at the 
outer zone. Unmixed sodic plagioclase probably 
squeezed inward until, as it reached its present 
position in the batholith, relatively sudden 
dilatant effects above the roof of the intrusion 
caused chilling of the core. The way was then 
effectively blocked for further extensive 
migration of the plagioclase, and it was effec- 
tively dammed in the intermediate central 
zone. The outer zone and parts of the inter- 
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mediate zone were impoverished in plagioclase, 
and the area of concentration, the intermediate 
central zone, was enriched in sodic plagioclase 
with the characteristic textural relationships. 
The rapakivi are adjudged to be of replacement 
origin, developed during the autometamorphic 
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scattering of points in Figure 13 probably 
developed during the structural and intrusive 
history of the batholith. 

Although the granites of the batholith cop. 
sist chemically (or normatively) of approx. 
mately equal amounts of albite + orthoclase + 
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FicuRE 13.—NoRMATIVE CoMpPOsITION (ALBITE+ORTHOCLASE+QUARTz) OF Rocks OF ENCHANTED 
Rock BATHOLITH CONTAINING 80 PER CENT OR MORE OF THESE NORMATIVE CONSTITUENTS 


stage of the batholith. As a consequence of the 
concentration of the sodic-rich plagioclase, 
textures characteristic of replacement and 
recrystallization are most abundant in the 
intermediate central zone rocks. 


Interpretation of Compositional Variation 


For each rock type of the batholith the 
proportions of the normative constituents, 
albite + orthoclase + quartz, total more than 
80 per cent, and these components have been 
plotted in Figure 13. The points for the granite 
are strikingly grouped about the composition 
having a 1:1:1 ratio of albite:ortho- 
clase: quartz. The grouping of the Enchanted 
Rock granites illustrates the unusual extent to 
which the granite formation must have been 
dominated by factors tending to give the rocks 
a nearly constant composition. 

The weighted bulk normative composition 
for the entire batholith has been plotted in 
Figure 13 and lies within the compositional 
range for rocks of the batholith. The bulk 
normative composition represents the approx- 
imate average composition throughout the 
batholith prior to its emplacement, and the 


quartz, mineralogically there are considerable 
variations from equal ratios (Fig. 14). In the 
outer zone there are approximately equal 
ratios of microcline:quartz with subordinate 
plagioclase, and in the intermediate central 
zone there are approximately equal ratios of 
plagioclase: microcline with subordinate quartz. 
Rocks of the core come closest to having equal 
ratios of quartz: microcline: plagioclase. Chilled 
border rocks average higher in plagioclase than 
apophyses rocks, yet both are dominantly 
microcline. It is interesting to note that the 
weighted bulk mode for the batholith is closely 
similar to the average composition of the chilled 
border rocks. Rocks of the core also have the 
same microcline content but are higher in 
plagioclase. 

The significance of the distribution of the 
points in Figure 14 can best be understood by 
referring to Figure 11 as well, for this shows 
both types and amounts of modal plagioclase 
in each of the rock zones of the batholith. 
Since only the average modal composition of 
the apophyses is plotted in Figure 14, the 
critical significance of the mode of apophysis 
A; must be shown in Figure 11. Apophysis As is 
1500 feet from the edge of the batholith, com- 
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pletely isolated from it in plan but most 
probably connected to it at depth. All three 
principal types of plagioclase in A; total less 
than 11 per cent of the rock (the lowest value 
obtained), and the texture is strongly hiatal 
porphyritic with fine groundmass. The texture 


Quartz 


particularly A3, cooled rapidly enough to 
allow unmixing of only minor amounts of 
sodic plagioclase. The tendency of the apo- 
physes rocks is toward the granite and leuco- 
granite range of composition, whereas chilled 
border rocks are quartz monzonite to leuco- 


Outer Zone 

2 Intermediate Zone 

3 Intermediate Central Zone 
5 Intermediate Central Zone 


6 ¢ 

8 Weighted Bulk Mode of batholith 
2 Chilled Border rocks (avg. 

Apophyses rocks (avg.) 


Plagioclase 
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FicurE 14.—Mopat Composition OF Rocks OF ENCHANTED RocK BATHOLITH 
Albite included in microcline 


is believed to be a “chill” texture, and the 
composition the earliest “chill” facies of all 
the batholith rocks. Microcline phenocrysts 
average 7 by 13 mm and are set in a fine- 
grained hypautomorphic groundmass with 
long dimension subparallel to the walls of the 
fissure. 

The similarity in amount of primary plagio- 
clase (4-6 per cent) for Ai, Ae, Ci, C2, C3, and 
the outer zone rocks is probably significant. 
The variation of secondary or unmixed oligo- 
clase in Ay, Az, C1, C2, and C; (in most crystals 
it seems to have replaced microcline) is prob- 
ably due to the varying amounts of replace- 
ment of schist wall rock by microcline from the 
granite intruding it. 

The closeness of the plots for average modal 
composition of apophyses rocks, chilled border 
rocks, and weighted bulk mode of the batho- 
lith indicates that (1) apophyses rocks mineral- 
ogically probably are most similar to the 
original modal composition of the batholith 
prior to the effects of autometamorphism; 
(2) there was a minimum of overall total 
contamination of chilled border rocks by wall- 
tock replacement, and (3) apophyses rocks, 


quartz monzonite. As stated, the generally 
lower total plagioclase content of apophyses 
rocks resulted from cooling rapidly enough to 
allow unmixing of only minor amounts of 
sodic plagioclase. Chilled border rocks, cooled 
not so fast, had time to partly unmix sodic 
plagioclase. Much less modal plagioclase is 
present in the outer zone than in the intermedi- 
ate central zone in spite of the fact the norma- 
tive plagioclase in the intermediate central 
zone is noticeably higher than the core. This 
suggests that the outer zone cooled in such a 
way that the plagioclase in solid solution in the 
potash feldspar unmixed to a lesser degree and 
that the potash feldspar of the outer zone must 
carry considerably more plagioclase in solid 
solution (or as submicroscopic perthite) than 
the potash feldspar of the intermediate central 
zone. The outer part of the core is a leuco- 
quartz monzonite which grades imperceptibly 
into leucogranite in the center of the core. 
Chilled border rock makes up about 0.5 to 
1 per cent of the batholith. For rocks of the 
core a higher content of primary plagioclase 
moved the plot toward plagioclase (Fig. 14). 
The scattering of plots for rocks of the inter- 
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mediate and intermediate central zones is due 
mainly to increased sodic plagioclase (unmixed 
oligoclase). Primary plagioclase is less than in 
the core. 

Migration inward of portions of the unmixed 
sodic plagioclase with consequent impoverish- 
ment of some rock zones and enrichment of 
others produced generally small differences 
in relative proportions of plagioclase and 
hence in rock types as well. Relative propor- 
tions of rock types in the batholith average 
65 per cent granite to leucogranite, 30 per 
cent quartz monzonite to leuco-quartz mon- 
zonite, and 5 per cent alkalic granodiorite. 

The presence of sericite commonly accom- 
panied by anhedrons of fluorite and occasional 
veinlets of calcite in microcline crystals which 
have been partly or completely replaced by 
oligoclase indicates hydrothermal solutions 
played an important role during the period of 
unmixing, migration, and replacement by the 
sodic plagioclase. A front of sodic-rich hydro- 
thermal solutions derived from the cooling 
batholith probably moved upward and inward 
ahead of the advancing front of crystalline 
immobility and aided in transporting the 
unmixed sodic plagioclase. 

Additional evidence for a filter-pressing 
action that affected the rock zones is found in 
superposing the oxide analyses plots for En- 
chanted Rock batholith on the Harker variation 
diagram for igneous rocks of the surrounding 
central Texas region (Fig. 10). Distribution of 
the oxides K,O and CaO with respect to the 
smooth curves drawn through the points ob- 
tained indicates the outer zone rocks depart 
from the curves in high KO content and the 
somewhat low CaO content. With crystalliza- 
tion of microcline as a first stable crystalline 
phase in response to supersaturation of the 
magma in this constituent, the outer zone rocks 
underwent partial loss of primary plagioclase 
liquid by filter-pressing action inward toward 
the intermediate and intermediate central 
zones. Peripheral crowding of magma first 
against the wall rocks of the chamber and then 
against the advancing front of crystalline 
immobility caused this. 

If increasing silica content reflects decreasing 
age, the sequence of intrusion oldest to young- 
est would be intermediate central zone, core, 


outer zone, and finally the intermediate zone. 
Such is not thought to be the sequence because: 
(1) internal structures of the batholith, partic. 
ularly the marginal fissures, indicate the 
outer zone cooled first; (2) development and 
distribution of textural relations between 
microcline and plagioclase as well as progres. 
sive variation of ratios of microcline:plagio- 
clase fit in with the genetic sequence of intrv- 
sion and cooling outlined; and (3) the isolated 
position of an arcuate rib of leucogranite in 
the intermediate central zone a mile northeast 
of House Mountain is probably best explained 
as a band of original granite that was not 
penetrated by the unmixed sodic plagioclase 
and sodic-rich solutions at the time these were 
migrating toward the core. 

The time-honored axiom that increasing 
silica content goes along with increasing age 
will not apply to the rock zones of the batho- 
lith, then, if their oxide contents are taken at 
face value. Once the physico-chemical effects 
produced by the tectonic setting of the batho- 
lith during the time of intrusion are under- 
stood, and the filter-pressed fractions are 
restored to their original positions, decreasing 
age of intrusion might be expressed by de- 
creasing silica content. However, any differ- 
ences in rock types would be so slight as to 
prevent any degree of certainty in applying 
this axiom to the rocks of the batholith. 
Probably the batholith was intruded as a 
unit, mostly crystals with some liquid, to 
complete the final phases of its cooling history 
as it moved into the structural position it now 
occupies. 

Tuttle and Bowen (Adams, 1952, p. 39) have 
established the existence of a lowest-crystal- 
lizing composition for the system albite + 
orthoclase + quartz at approximately equal 
proportions of the three components. They 
have further shown that there is a moderate 
change in the position of the minimum 
crystallizing composition depending on the 
amount of water (pressure of water) and that 
the proportions of the three components are 
more nearly equally balanced at the lower 
pressures (low water content). Their plot of 
the rock-forming oxides that constitute 80 per 
cent or more of the rock for the compositions 
of 571 analyzed granites and syenites shows 3 
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concentration of the points that corresponds 
closely with their previously experimentally 
determined minimum. Such clustering of 
composition of granites is cited by Tuttle and 
Bowen (Adams, 1952, p. 39) as strong evidence 
of origin by crystallization of the liquid which 
is a residuum of fractional crystallization. One 
other hypothesis is the selective fusion (melting) 
of random rock material producing the same 
minimum crystallizing liquid. In such a process 
of selective fusion this would be the first 
liquid formed. 

Similar normative and modal compositions 
of the rocks of Enchanted Rock batholith to 
that determined experimentally and also 
plotted by Bowen and Tuttle (Adams, 1952) 
would seem to require that the rocks be formed 
from a granitic liquid. This liquid would have 
as its origin one of the two, or maybe both of 
the processes of magma generation quoted: 
(1) crystallization of a liquid which is a resid- 
uum of fractional crystallization, or (2) 
selective fusion (melting) of random rock 
material producing the same minimum crystal- 
lizing liquid. 


Source of the Granite 


Generation of granitic magma was a product 
of the tectonic history that affected the rocks 
of this region during early middle Precambrian 
time. Restriction of the north end of the batho- 
lith to a syncline and enlargement of the granite 
mass to the south indicate that the syncline 
exerted partial structural control during em- 
placement. The generation of magma may have 
depended partly upon downfolding, as the 
Castell syncline has been depressed at least 3-4 
miles, possibly as much as 6 miles. A less prob- 
able interpretation would allow for downbuck- 
ling resulting from and occurring above sites 
of previous magma generation. It is not known 
if the granite was derived from (1) a residuum 
of fractional crystallization or (2) selective 
fusion of either the sial or metamorphic rocks. 
In the first case, moderate-sized, rudely cylin- 
drical, pluglike masses of granite probably 
detached themselves from the sial and rose 
into the framework of metamorphic rocks. 
Their emplacement was structurally controlled 
and guided by the major synclines. In the 


second case, because of the deeper position of 
the major synclinal troughs, temperature and 
pressure (of water) conditions could have been 
best for selective fusion (melting) of random 
rock material and production of granite liquid. 
The granite mass would then be in position to 
move up along the trough of the syncline 
immediately above. 

A plot of the normative compositions of all 
known chemical analyses of Valley Spring 
gneiss from widely scattered localities of the 
surrounding region shows a fairly wide range in 
composition (Fig. 15). Two samples have 
compositions closely similar to rocks of the 
batholith; three are predominantly orthoclase 
and quartz; and one is high in plagioclase with 
subordinate quartz and orthoclase. Packsaddle 
schist collected 1000 feet east of the granite- 
schist contact a mile northeast of Enchanted 
Rock is mainly plagioclase and quartz with 
subordinate orthoclase. 

Analysis 11 is from the 6000 feet or more of 
gneiss forming the northeast limb of the large 
syncline underlying the north part of the 
batholith. Close similarity of the normative 
and mineral compositions of this gneiss to the 
bulk normative and bulk modal compositions 
of the batholith indicate a maximum amount 
of granitic liquid could be obtained by selective 
fusion of the gneiss under the proper conditions 
of temperature and pressure (water pressure), 
of course, provided the gneiss maintains the 
composition of analysis 11 to the postulated 
locus of magma generation. 

The structural and thermal conditions needed 
for the formation of granite by selective fusion 
(melting) of random rock material are most 
favorable during the later stages in the de- 
formation of geosynclines. Tuttle and Bowen 
(Adams, 1952, p. 38) demonstrated it is im- 
probable that many granites have crystallized 
at depths greater than 9 miles. Considering 
that a thickness of at least 6000 feet of Valley 
Spring gneiss and 5000 feet of Packsaddle 
schist is exposed; that the base of the gneiss is 
unknown; that many thousands of feet of 
rocks were deposited above the Packsaddle 
schist of which there is now no record and that 
the depth of folding in the metamorphic rocks 
approximates 3-4 miles, possibly as much as 6 
miles, it is not unreasonable to assume a mini- 
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mum thickness of 15,000-20,000 feet of meta- 
morphic rocks existed. Depth of folding may 
have lowered the rocks sufficiently to cause 
selective fusion (melting). 

Geophysical data on the shape of the in- 
trusion at depth is lacking for all except a 


Quartz 


the batholith, as in the northern third of the 
intrusion, there are none or considerably fewer 
and smaller aplites and pegmatites in the 
wall-rock zone. 

The locus of refusion lay at depth below the 
present level of the batholith. Location of the 
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FicureE 15.—NorMATIVE CoMposITION (ALBITE+ORTHOCLASE+QUARTZ) OF VALLEY SPRING GNEISS 
AND PACKSADDLE SCHIST, PRECAMBRIAN OF CENTRAL TEXAS 


3-mile zone along the southwest flank of the 
batholith in Gillespie County. A magnetom- 
eter survey across the southwest flank of 
Enchanted Rock batholith (Barnes ef al., 
1954) indicated the granite mass in this area 
extends to depth and widens with a near- 
vertical edge dipping steeply southwest. The 
granite mass is separated from another granite 
mass to the southwest, the Hilltop mass, by 
a thin septum of schist. Structural evidence 
seems good that the northern third of the 
Enchanted Rock batholith is phacolithic, but 
as shown in Figure 1 the southern two- 
thirds probably is cylindrical at depth. 

An indirect method of predicting the dip of 
the outer edge of the batholith at depth is a 
correlation with abundance of pegmatites and 
aplites in the metamorphic rocks of the wall 
rock. Within a 500-foot zone next to the granite- 
schist contact, the pegmatites and aplites box 
the compass about the batholith. Considerable 
numbers of these are present in this zone 
extending from the east down to the south and 
up to the west side of the batholith suggesting 
that the flanks of the batholith dip steeply 
outward under the schist as shown in Figure 1. 
Where the dip of this contact is inward toward 


granite in the syncline is significant for this 
would seem to indicate that (1) temperature- 
pressure conditions for formation of granite 
by selective fusion obtained first in the locus 
of or beneath the lowermost level of the 
trough of the syncline, and (2) tensional 
stresses upward along the axis of the fold 
favored elongation and movement of the mag- 
ma in this direction. The granite seems to have 
tried to move upward, wedging into and along 
the plane of contact between the Valley 
Spring gneiss and Packsaddle schist. 

The schist became the roof rock as the 
intrusion progressed. Of the 600 xenoliths 
mapped, about 95 per cent consisted mainly 
of Packsaddle schist and occurred in all parts 
of the batholith. Only one xenolith, of course, 
was found in the core. Tensional stress upward 
along the axis of the fold in combination with 
the incompetence of the schist supplied the 
granite mass with the impetus it needed to 
crowd against the schist wall rock which gave 
gradually under the combined forces of intru- 
sion and lengthening upward. This tendency of 
the schist to give with both the force of intru- 
sion and the tensile stress accompanying folding 
resulted in the schistosity boxing the compass 
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about the batholith. The walls were not rigid 
and completely immovable but gave slightly 
as the quantity of granite increased and 
attempted to extend its bulge upward. The 
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which forced up a roughly circular pluglike 
column of granite above the zone of refusion. 
The downward pressure of the more solid rocks 
above was maintained steadily upon the locus 
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FicurE 16.—HypoTuesEs For OccuPANCY OF SYNCLINES BY RISING MAGMA 


internal flow structures of the batholith thus 
reflected the shape of the chamber they occu- 
pied and which they helped partly to form. 

The pear-shaped outline of the batholith 
would be the one most likely to form if em- 
placement of the magma were structurally 
controlled as it followed up along the fold 
axis in the direction of greatest lengthening. 
Intrusion occurred during the later most severe 
Stage of regional folding. 

The most probable history then is one of the 
Packsaddle schist crowding into the trough of 
a syncline and exerting downward pressure, 


of magma generation crowding unmelted 
rocks into the site of selective fusion (melting) 
and squeezing together the newly formed 
granite liquid. It is not improbable that the 
locus of refusion could slowly mount as a 
result of continued deformational squeezing 
of the geosynclinal tract. Such selective melting 
and softening of the metamorphic frame would 
prepare the way for emplacement of the newly 
formed granite mass when the appropriate 
forces prevailed. One might compare the rise of 
the batholith to that of the “core of a large 
carbuncle” as downward pressure is applied 
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uniformly from all sides forcing it up from its 
site of development. The downward pressure 
of the upper-level rocks was initially greater 
and of more continued importance, for this 
placed the magma column under great hydro- 
static pressure which was transmitted uni- 
formly to all parts of the intrusion. With 
regional tectonism increasingly active, the 
harder the rocks pushed down, the stronger 
was the force of intrusion of the enlarging mass 
of granite. Pressure of the batholith upward 
was sufficient to hold back the schist and 
prevent it from crowding into the bottom of 
the syncline (Fig. 16). 


Problem of the Schlieren 


Depending upon which hypothesis is favored 
in formation of granitic liquid for the batho- 
lith, one might interpret biotite-rich schlieren 
as resulting from either (1) segregation of basic 
material during crystallization-differentiation 
of primary granitic magma, (2) remnants of 
undissolved schist wall rocks, (3) remnants of 
unreplaced schist wall rocks, or (4) rock 
material unfused at the locus of magma 
generation but which was carried up to its 
present position by the main body of rising 
granite. 

The first possibility is ruled as improbable 
in view of the tectonic history of these rocks 
in early middle Precambrian time and the 
petrogenetic significance of the structural 
location of the batholith. In the case of (2) the 
solution of large quantities of material that 
would be needed does not appear to have been 
within the powers of the granitic magma when 
it reached the level in the crust it now occupies. 
From the overall continuity and circular 
pattern of the flow structures in the batholith 
it would appear that the granite consisted of 
crystals and some liquid when it was emplaced 
at this level. 

There is a minimum of evidence to use in 
estimating the quantity of liquid present when 
the granite rose to its present position. Modal 
analyses of representative suites of thin 
sections from each rock zone have shown a 
general predominance of a microcline and 
quartz mixture over plagioclase. Porphyritic 
texture in chilled border and apophyses rocks 
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as well as interior zones of the batholith indi- 
cates crystallization of potash feldspar before 
all other major components. Increase in oscil- 
latorily zoned plagioclase from the outer zone 
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FicurE 17.—ZONATION AND ANORTHITE CONTENT 
OF THE CONSECUTIVE ZONES 


Ordinate = anorthite content. Abscissa = 
width of the zones. Specimen from the intermediate 
central zone (PI. 10, fig. 1). 


inward to the core does not necessarily afford 
a measure of the relative quantity of liquid 
present at the time of intrusion. On the con- 
trary, considerable oscillatorily zoned plagio- 
clase in the outer and intermediate zones may 
have had all such zonation eliminated by the 
mechanical strain induced during intrusion and 
peripheral stretching of the batholith. Such 
evidence indicates the presence of a minimum 
amount of liquid as the batholith intruded to its 
present level. 

The magma should have had only the power 
to transform or replace to a limited extent but 
not to dissolve such material, as indicated by 
the small amount of metasomatism of wall 
rocks. Several sizable downward extensions of 
schist roof rocks were probably replaced and 
granitized into “igneous-looking” rock in the 
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vicinity of House Mountain. These, however, 
total about 0.3 square mile. Including the 
wall-rock replacement visible along the border 
rocks and granitized xenoliths, probably not 
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FicurE 18. RAPAKIVI FROM INTERMEDIATE 
CENTRAL ZONE 


Curves represent anorthite content of con- 
secutive zones. Ordinate = anorthite content. 
Abscissa = width of zones (PI. 10, fig. 2). 


more than 5 per cent of the granite of the 
batholith at this level of exposure is of re- 
placement origin. 

Hypothesis (4) is accepted as most probable in 
explaining the origin and structural position of 
the biotite-rich schlieren. At the site of partial 
tefusion of granite or selective fusion of meta- 
morphic rocks, we might, as stated by Bowen 
(1947, p. 276), expect a tendency to produce 
amass with a granitic liquid at the top, unfused 
lighter crystalline material of general granitic 
character immediately below, and the more 
mafic crystalline material still lower. This is 
the ideally developed condition and would not 
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prevent nonhomogenous distribution of some 
mafic layers in the lower levels at the site of 
liquid generation. With downward buckling 
and severe folding of such a locus of magma 
generation, the lower-level mafic crystalline 
material, if some of it were carried upward by 
the rising granite, would find its position 
adjacent to the wall rocks. Its position in the 
field suggests that the biotite-rich schlieren 
were possibly derived from adjacent wall rocks. 
The structural and intrusive evidence, again, 
would seem to invalidate such an interpretation. 

Within the batholith biotite-rich schlieren of 
the type shown on Figure 5 of Plate 3 occur 
sparingly along the series of exfoliation domes 
on the southeast side in the vicinity of En- 
chanted Rock. North of House Mountain 1-2 
miles, along Hickory Creek, narrow mafic 
schlieren also occur. The circular swirl-like 
pattern of large biotite-rich schlieren in the 
north tip of the batholith (Pl. 1) suggests that 
the granite had a spiral-like motion as it rose 
up the keel of the Castell syncline. 

Microcline-rich schlieren occur mostly in the 
intermediate zone and are small-scale struc- 
tures (Pl. 3). These might be interpreted as 
either (1) schist with development of micro- 
cline from the replacing granite, or, more prob- 
ably, (2) local concentrations of microcline 
due to compositional inhomogeneities of the 
crystallizing liquid initially formed at the site 
of selective fusion. One is impressed with the 
strikingly constant uniformity, mile after mile, 
of the textural and mineralogical composition 
of the granites. If replacement were the mech- 
anism of granite formation for these rocks, 
there would have to be a widespread downward 
migration of mafic material accompanying a 
replacement so complete that no biotite-rich 
schlieren would be left over these distances. 
Such complete replacement does not seem to 
have been possible considering the minor 
replacement visible in the metamorphic wall 
rocks at the present level of exposure. 

Arcuate biotite-rich schlieren are very small, 
and all but 4 of the 15 mapped occur in the 
outer zone. The mafic material probably 
represents narrow layers of unfused mafic 
material. Frictional retardation of solid wall 
rock and interlamellar movement of magma 
sheets during intrusion produced swirl-like 
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movements. This would be most commonly 
effected in the locale of selective fusion as 
granite liquid concentrated and initially began 
to rise. 


Significance of Color 


The pinkish to reddish colors of the granites 
of the batholith are attributable to ferric iron 
in the feldspars. Outer and intermediate zone 
rocks are moderate reddish orange (10R 6/6). 
Intermediate central zone rocks are grayish 
orange pink (SYR 7/2), and core rocks are 
moderate reddish brown (10R 4/6). Grains of 
iron oxide in the core rocks are cearser than in 
other zones and much more apparent in thin 
section. Minute hematite scales are banked up 
around feldspars forming heavy reddish rims. 
Many feldspar grains have heavy dissemina- 
tions of hematite grains uniformly throughout. 

Niggli (1954, p. 86) states the reddish color 
shown by some alkali feldspars is due to in- 
clusions of minute hematite scales which are 
usually formed by exsolution which results 
from the replacement of some Al by Fe. This 
does not locate the source of the Fe. Whether 
the hematite be derived by Niggli’s process or 
by oxidation of ferrous iron, the bulk of the iron 
oxide probably was derived at the site of magma 
generation. Indirectly, this possibly favors 
selective fusion of Valley Spring gneiss at depth, 
for present exposures of the gneiss forming the 
floor of the Castell syncline have a color very 
similar to the rocks of the batholith. 

The contention that there will be absolute 
enrichment in iron oxides in final residual 
liquids is not supported by experimental 
results (Bowen, 1954), although Bowen states 
that probably in early stages of fractional 
crystallization the relative concentration in the 
liquid of FeO with respect to MgO will give a 
transient absolute enrichment of the liquid in 
FeO. Should the rocks of the batholith be the 
product of fractional crystallization (which 
they probably are not), surface oxygen would 
probably be needed to supply oxygen on the 
scale needed to convert ferrous to ferric iron 
throughout the batholith. 

That some surface oxygen played a part in 
the increase of grain size and in amount of 
iron oxidé for core rocks seems most probable. 
Structural and petrogenic evolution of rock 
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zones has shown probable failure of the roof 
rocks in the last stages of intrusion. Faulting 
combined with incipient thrust movements in 
wall rocks of the west flank of the batholith 
might have allowed surface oxygen to enter. 

In thin sections, hornblende is partly altered 
to biotite, and considerable iron oxide has been 
released which diffused partly into surrounding 
material. If the biotite of the rocks were 
derived from the recrystallization of initial 
hornblende and the released iron oxide were 
incorporated in the potash feldspars, this would 
require all conversion of hornblende to biotite 
before potash feldspar began to crystallize, 
This is improbable since the radioactive salts 
used in age determination are concentrated in 
zircons which are mostly enclosed in biotite. 

Probably at least some of the granite of the 
batholith crystallized with such direct access to 
the surface that the environment of crystalliza- 
tion had surface aspects. This appears the most 
probable explanation of the increase in iron 
oxide of the core rocks. The pressure differen- 
tials necessary for the partial escape of vola- 
tiles and accelerated rate of cooling experienced 
by the core rocks would seem to require near- 
surface conditions. 
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UNUSUAL PATTERNED GROUND IN GREENLAND 


By A. L. WASHBURN 


Field Observations 


At “Thule Take-Off” (“‘Tuto”’) about 16 km 
southeast of Thule, northwest Greenland, 
small well-developed sorted nets! occur on an 
ice-cored moraine of the Greenland Icecap. 
Where studied the nets were developed in 
material 5-7.5 cm thick, resting directly on 
clear glacier ice (Pl. 1). This material formed 
the western toe of a shear moraine (Thule 
Ramp moraine) located along the marginal 
zone of the Icecap about 1 km east (iceward) 
of the ice edge at “Lake Tuto”. 

These sorted nets were on a slope of about 
5°, and the irregular meshes were commonly 
elongate downslope. Diameters of central areas 
of the meshes ranged from about 15 by 25 cm 
to 50 by 75 cm. Stone borders were 15-30 cm 
across. The central areas consisted mainly of 
sand, granules, and pebbles,? and the borders, 
of pebbles and cobbles. In the centers in general 
the cobbles were smaller than those in the 
borders. Tabular stones in the borders tended 
to be flat lying at the surface and on edge be- 
neath it. In places the borders were one stone 
thick in that a single cobble extended from the 
surface to the ice. Sand and granules lay at the 
base of some borders, and both in central areas 
and borders the material tended to be finer- 
grained at the base than at the top. 

Where best developed the borders lay in 
furrowlike depressions in the ice (Pl. 1, fig. 2), 
regardless of the orientation of the border with 


1 A sorted net is patterned ground whose mesh is 
intermediate between that of a circle and a polygon 
and has a sorted appearance due to a border of 
stones surrounding finer material (Washburn, 1956). 

*Grain-size analysis of a typical central area 
showed the following ory «© by weight: >4 
mm, 17.5%; 4-2 mm, 8.3%; 2-}4g mm, 67.2%; 

M6 “Mee mm, 6.1%; <'456— mm, 0.8%. Analysis 
made by R. W. Dixon. 
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respect to slope. These depressions were up to 
about 1.5 cm deep, and in general the material 
of the borders was about 1.5 cm thicker than 
that of the centers. Upon excavation of border 
areas, muddy water trickled along the depres- 
sions but cleared within an hour or so, although 
a few sand grains continued to roll along the 
depressions. Large cobbles directly on the ice, 
or separated from it by a thin layer of sandy 
material, commonly rested in _ individual 
pockets up to 1.5 cm deep that conformed to 
their shapes. Except for being in clear ice, the 
furrows beneath the borders were similar to the 
border gutters observed by various authors 
(Hégbom, 1914, p. 312; Huxley and Odell, 
1924, p. 211-212; Elton, 1927, p. 180-181, 
186-187). 

In a few places the rather even surface of the 
sorted nets was interrupted by a pronounced 
knob of ice-cored sandy material, and other 
similar knobs occurred immediately upslope 
on gradients as steep as 10°-15° (PI. 2, fig. 1). 
Except for their shape, the knobs were like 
sorted circles in composition of central areas 
and borders, the stones of the borders being 
concentrated around the base of a knob. In 
Figure 1 of Plate 2 the central area was about 
3 cm thick over clear glacier ice, and the knob 
shape reflected the ice core. The knobs were 
somewhat similar to, but much smaller than, 
certain forms of ablation moraine described by 
Ward (1952, p. 13-22) as strikingly like pat- 
terned ground. Marked cases of differential 
thawing occurred in the same general area as 
the knobs in places where distribution of mate- 
rial over the ice was very spotty and gave rise 
to dirt cones (cf. Swithinbank, 1950) sur- 
rounded by stones at their bases (PI. 2, fig. 2). 


3 
( 


Inter pretation 


It seems certain that the furrowlike depres- 
sions beneath the stones of the sorted nets owe 
their origin in considerable part to differential 
thawing and that the sandy covering material 
of the near-by ice-cored knobs protected the 
ice beneath from melting. The trickling of 
water beneath the stone borders of the nets 
and the observed movement of sand grains 
indicate eluviation of fines from the morainal 
material. These points suggest that these 
sorted nets may owe their origin to differential 
thawing and eluviation. 

According to this idea, an accumulation of 
fines is a better insulator than a stone if other 
conditions including thickness and color are 
equal. The better insulating quality of the 
fines is attributable to their lower diffusivity, 
as expressed by the following equation (cf. 
Terzaghi, 1952, p. 7-12): 


Rr 
Ch X We 


where a denotes heat diffusivity, k, thermal 
conductivity, c, heat capacity, and w, unit 
weight (solid and water combined). The follow- 
ing diffusivities are taken from Terzaghi (1952, 


p. 11): 


Quartzite 45 X 10-3 cm? sec 
Granite 15 X cm? sec 
Ice 11.2. X cm? sec 
Dense saturated sand 8+ XX 10° cm* sec 
Soft saturated clay 4+ 10cm? sec 
Dry soil 2.54 X cm? 
Water 1.94 X 107% cm? sec 


The superior insulating qualities of fine, as 
compared with coarse material in patterned 
ground was discussed by Schenk (1955, p. 
51-52) and, on a glacier, by Sharp (1949, p. 
298-299). Sharp (1942, p. 288-290) also 
analyzed some of the complex variations and 
even reversals that may occur in insulation 
with changes in moisture in patterned ground. 
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Differences in diffusivity in a mixture of 
fines and stones at the surface of the ground 
cause thawing next to stones sooner than at 
comparable levels in the finer material, and 
the stones come to lie in thaw depressions, 
(Cf. Meinardus, 1912, p. 21-22; Huxley and 
Odell, 1924, p. 220; Schmid, 1955, p. 16, 87, 
90.) As thawing progresses downward and 
laterally from the stones, the thaw depressions 
become interconnected and act as meltwater 
channels around irregular islands of frozen 
material. 

With continued thawing and adequate drain- 
age, fines are gradually eluviated and leave 
stony channels. The possible importance of 
eluviation in the origin of sorted patterns has 
been suggested from various points of view 
(De Geer, 1904, p. 465; Huxley and Odell, 
1924, p. 220-223; Ahlmann, 1930). The irregu- 
lar islands of dominantly finer material between 
the stony channels thaw most rapidly at corners 
where there is maximum surface exposure, and 
in equal periods of time more material is re- 
leased from a frozen condition at corners than 
between them. Thus, the islands become 
rounded by differential eluviation of fines from 
the corners. 

If the surfaces of the islands lie appreciably 
above the adjacent coarser material by virtue 
of the insulating effect of the dominantly finer 
material as illustrated by the knobs and dirt 
cones, stones and other particles on the surfaces 
will creep and slide radially toward the margins 
of the islands, with the stones accumulating 
there and the fines washing away. Continued 
decrease in thickness of finer material and in- 
crease in marginal accumulation of coarser 
might reverse the insulating effect and lead to 
the border areas rising slightly above the 
centers. 

On gentle slopes differential thawing and 
eluviation gradually form sorted nets with 
almost equidimensional meshes. On steeper 
slopes, corners of islands become eroded, and 


PiaTE 1.—SORTED NETS ON GLACIER ICE 
Ficure 1.—Sorted net on glacier ice, western toe of Thule Ramp moraine at “Thule Take-Off”, Thule, 
Greenland. Ruler is 15 cm (6 inches) long. “X” marks identical stone in Figures 1 and 2. 
Ficure 2.—Excavation across sorted net on glacier ice. “X” marks identical stone in Figures 1 and 2. 
View looking up about 5-degree slope. Ice axe (80 cm long) rests on ice with head next to downslope- 
oriented furrow in the ice. Material above ice is 5-7.5 cm thick. 
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Ficure 1 
Ficure 2 
SORTED NETS ON GLACIER ICE 
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SHORT NOTES 


stones accumulate at the borders in a similar 
manner, but because the gradient exerts a 
stronger control on eluviation the islands of 
dominantly finer material develop a marked 
downslope orientation. Freeze-thaw cycles 
' cause differential thawing and eluviation to 
rework the same area repeatedly and strengthen 
the patterns. 

Upfreezing of stones to the surfaces of the 
islands and gravity movements of stones to the 
borders might produce a high degree of sorting 
between central areas and borders. Recent ex- 
periments by A. E. Corte and A. Higashi 
(Personal communication), at the U. S. Army 
Corps of Engineers, Snow, Ice and Permafrost 
Research Establishment, show that repeated 
freezing and thawing can move ceramic spheres 
upward through sand having excess water. 
Local differential heaving (Taber, 1943, p. 
1458-1459) of moisture-retaining fine material 
would increase relief of the vegetation-free 
central areas during freezing and thereby pro- 
mote gravity movements during thawing. 

The hypothesis of differential thawing and 
eluviation, combined with upfreezing of stones 
and local differential heaving, as an explanation 
of the Thule-Ramp-moraine sorted patterns is 
speculative, but other combination hypotheses 
of patterned-ground origin (Washburn, In 
press) seem even less applicable. Qualitatively, 
the key processes might operate in any ground 
having a high ice content subject to annual 
thawing;? however, this does not imply that 
this grouping of processes explains sorted 
patterns in general. 


Objections 


Objections to the hypothesis as applied to 
the Thule-Ramp-moraine sorted nets include: 
(1) Channel-like depressions beneath borders 


*The report of Huxley and Odell (1924, p. 209) 
that sorted polygons occur “... apparently rarely 
(at least when well developed) on perfectly level 
ground” may be significant in this connection. 
However, the statistical validity of the reported 
distribution requires confirmation. 
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may be a strictly secondary effect without sig- 
nificant influence on pattern evolution (Hég- 
bom, 1914, p. 312-313; Sharp, 1942, p. 290). 
(2) The development of a netlike drainage 
system is inconsistent with running water, 
which would eventually develop some routes 
at the expense of others and wipe out the net 
pattern (Hégbom, 1914, p. 313). However, 
drainage might be too weak to accomplish 
much integration. (3) Border drainage is too 
weak to cause significant eluviation (Beskow, 
1930). Some eluviation, however, was noted in 
the Thule-Ramp-moraine sorted patterns, and 
rapid border drainage elsewhere has been re- 
ported (Sapper, 1912, p. 267-268). 

Objections to the hypothesis as applied more 
generally to sorted patterns in ground having a 
high ice content include the following: (1) 
Thawing sometimes extends to greater depth 
below central areas than below stony borders. 
This relationship was observed in sorted stripes 
by Sharp (1942, p. 280-281), and in sorted 
polygons near Thule late in the thaw season by 
J. Arthur and R. H. Espach Jr. (Personal com- 
munication) of the U. S. Army Corps of Engi- 
neers, Snow, Ice and Permafrost Research 
Establishment. Conceivably, the relationship 
could reflect reduced drainage along borders 
and accompanying increase in total volume of 
insulating air spaces between stones. (C/. 
Sharp, 1942, p. 288-290.) (2) Although reason- 
able, it is not demonstrated that upfreezing of 
stones and radial gravity movements can ex- 
plain absence of stones such as that occurring 
in the central areas of some sorted patterns. (3) 
The hypothesis does not apply to highly regular 
polygonal patterns. 

Quantitative data are essential before these 
objections can be properly evaluated. 


Conclusions 


Differential thawing and eluviation are 
operative in the Thule-Ramp-moraine sorted 
nets, and perhaps these processes, combined 
with upfreezing of stones and local differential 


Pirate 2.—KNOBS AND DIRT CONES ON GLACIER ICE 
Ficure 1.—Knob on glacier ice, western toe of Thule Ramp moraine at “Thule Take-Off”, Thule, 
Greenland. Ruler is 15 cm (6 inches) long. Material beneath ruler is about 3 cm thick over clear glacier ice. 


Ficure 2.—Dirt cone below Thule Ramp moraine at “Thule Take-Off”, Thule, Greenland. Ice axe is 
80 cm long. Note distribution of stones around base of cone. 
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heaving originated the nets. Wider application 
of this explanation to other sorted patterns is 
not excluded but is even more speculative. The 
occurrence of sorted nets in material only 5 cm 
thick overlying clear glacier ice, posing the 
unusual limiting conditions it does, warrants 
further and more detailed study in view of the 
information it may provide on processes of 
patterned-ground origin. 
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COMPOSITION OF WESTERLY GRANITE G-1 AND 


CENTERVILLE 


DIABASE W-1 


By SamvuEt S. AND EILEEN H. OstuND 


Introduction 


Since the publication of U. S. Geological 
Survey Bulletin 980, A cooperative investigation 
of precision and accuracy in chemical, spectro- 
chemical and modal analysis of silicate rocks 
(Fairbairn et al., 1951), a number of papers have 
appeared discussing one or more aspects of 
the problems of accuracy of silicate analyses 
(Fairbairn and Schairer, 1952; Schlecht, 1951; 
1953; Fairbairn, 1953). The samples of granite 
(G-1) from Westerly, Rhode Island, and of 
diabase (W-1) from Centerville, Virginia, are 
exceedingly useful to the analyst who is in- 
terested in comparing his methods and skill 
with the results of many other laboratories. 
These samples also are valuable to the spectro- 
scopist (Ahrens, 1955). 

In January 1955 the writers made routine 
analyses of G-1 and W-1 (Table 1, Nos. 1, 
2). The results of replicate determinations for 
some constituents are given in Table 2. These 
values have been used to arrive at the averages 
in Table 1. 


Methods 


Fairbairn’s (1953) statistical approach to 
the so-called “silica-alumina discrepancy” led 
him to make arbitrary corrections to the values 
of SiO, and Al,O3; 0.5 per cent is added to 
SiO, for G-1, and 0.35 per cent to W-1. These 
amounts are subtracted from the respective 
average values for Al,O3 (Table 4). We have 
attempted to recover the silica entrapped with 
the alumina and iron by evaporating the solu- 
tion of the pyrosulfate fusion to fumes of sul- 
furic acid. The additional silica recovered in 
this way was 0.15 per cent for G-1 and 0.29 
per cent for W-1 following two evaporations 
and filtrations (EHO). With three evaporations 
and filtrations the silica recovered from the 
ammonia group was 0.06 per cent for G-1 and 
0.11 per cent for W-1 (SSG). Our experience 
is that following two evaporations with an 
intervening filtration rarely will more than 0.15 
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per cent of silica be recovered from the am- 
monia precipitate of a rock containing more 
than 70 per cent of SiO, if double precipitations 
of the ammonia group are made. Likewise, 
0.30 per cent of SiO, is about the most ever 
recovered from the ammonia group of a rock 
containing 45-55 per cent of SiO,. Larger 
amounts of silica are not retained but pass 
through the ammonium hydroxide precipita- 
tions. This silica may contaminate the lime 
or magnesia, but, if double precipitations are 
made of the alkaline earths, the silica more 
than likely will pass completely through the 
analysis and be lost. The summation then will 
be low, unless there are positive compensating 
errors. 

Although the “silica-alumina discrepancy” 
may be due in part to the silica not recovered 
from the ammonia-group precipitate, other 
sources of error not readily apparent must be 
considered. Failure to wash out alkali salts 
from the bulky silica precipitate or an incom- 
plete decomposition of the sample in the sodium 
carbonate fusion may lead to serious negative 
errors in silica and positive errors in alumina. 
Because these errors tend to compensate each 
other, they. commonly are unsuspected and 
overlooked. These problems and others relating 
to the determination of silica have been dis- 
cussed by Hillebrand (1902; Hillebrand et al., 
1953, p. 681-683). 

In the determinations of the alkalies, the 
samples were decomposed by the J. Lawrence 
Smith method, and generally the chloroplati- 
nate technique was used to separate potassium 
and sodium. Rubidium accompanies potassium 
and was determined by flame spectropho- 
tometry after reduction of the potassium and 
rubidium chloroplatinates and conversion to 
sulfates. In the determination by Goldich and 
Horstman (Table 2) chloroplatinic acid was not 
used, and the alkalies, after extraction as 
chlorides by the J. Lawrence Smith method, 
were converted to sulfates and flamed directly. 
R. A. Burwash made four determinations of 
alkalies for G-1, and his average values are 
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included in Table 2. His chloroplatinate separa- 
tions were reduced, converted to sulfates, and 
tested for completeness of separation by E. L. 


GRANITE AND CENTERVILLE DIABASE 


total iron on G-1 by the same method and also 
colorimetrically with o-phenanthroline (Table 
2). 


TABLE 1.—CHEMICAL ANALYSES OF G-1 AND W-1 


1. Eileen H. Oslund; 2. S. 


S. Goldich; average (Table 2) 


Granite G-1 Diabase W-1 
1 2 Av 1 2 Av 
SiO, 72.50 72.45 72.48 (4) 52.59 52.51 52.55 (2) 
Al,O; 14.22 14.18 14.20 (2) 14.99 14.97 14.98 (2) 
Fe.0; .83 75 .78 (5) 1.44 1.41 1.41 (5) 
FeO .95 98 97 (5) 8.69 8.70 8.71 (5) 
MnO 02 02 .025 (3) .16 .16 .161 (3) 
MgO .38 35 ft 6) 6.58 6.59 6.59 (2) 
SrO -02 02 @) n.d. O01 (@) 
CaO 1.34 1.36 1.35 @) 10.97 10.98 10.98 (2) 
BaO .10 10 n.d. n.d. 
Rb,O .02 02 .022 .00 .00 .00 
5.49 5.54 5.52 61 63 .62 (2) 
Na,O 3.35 3.28 3.29 (5) 2.35 2332 2.14 (2) 
H,O+ .24 26 43 .46 (2) 
H,0- .04 03 (2) .16 .14 (2) 
CO, .08 08 .08 (3) .07 .06 .07 (3) 
TiO2 .26 26 .26 (2) 1.07 1.10 1.08 (2) 
P20; .08 09 -08 (4) .14 .12 (4) 
F .07 n.d -07 (3) .02 n.d. .02 (2) 
S n.d. 01 .O1 (1) n.d. .02 .02 (1) 
99 .99 99.78 99 .92 100.07 99 .98 100.05 
LessO = FandS...... 03 03 01 01 02 
99 .96 99.89 100.06 99.97 100.03 
Total Fe as Fe,O;........ 1.89 1.85 1.86 11.10 11.08 11.09 
16.45 16.38 16.40 27.30 27.28 


Horstman using the flame spectrophotometer. 
A similar procedure was used by Oslund and 
Baadsgaard, except that double fusions and 
extractions were made. 

Greenewalt, Herzog, and Pinson (1955, p. 
45) found 0.62 per cent of K,O in W-1, using 
the mass spectrometer and an isotopic dilution 
method. This value falls between our determina- 
tions of 0.61 per cent K,O (EHO) and 0.63 
per cent (SSG). 

Ferrous iron was determined with potas- 
sium permanganate, and total iron, potentio- 
metrically, with potassium dichromate and 
stannous chloride. R. B. Ellestad determined 


Total water was determined with PbO as a 
flux using a modification of the Penfield tube 
method to take into account the CO, present 
in both G-1 and W-1. Geologists should realize 
that H,O+ and — are a convention. H,O- 
is commonly considered the moisture in the 
sample that can be driven off by heating for an 
hour or two in an oven at a temperature near 
110° C. Finely ground silicates may adsorb 
water which is held very tightly and may not 
be driven off by heating at 110° C. 

Phosphorus was weighed as ammonium 
phosphomolybdate (EHO, SSG, DT, Table 2). 
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H. Baadsgaard determined P.O; by the molyb- 
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A single determination of Co by R. A. Bur- 


dovanadophosphoric acid method (Baadsgaard wash gave 30 ppm for W-1. This is less than the 


and Sandell, 1954). The results for P.O; are 


recommended value of 36 ppm (Ahrens, 1955) 


TABLE 2.—REPLICATE DETERMINATIONS OF CONSTITUENTS OF G-1 AND W-1 


Granite G-1 Diabase W-1 Granite G-1 Diabase W-1 
SiO, 72.50 (EHO) Na,O 3.35 (EHO) 
72.45 (SSG) 3.28 (SSG) 
72.51 (EHO) 3.25 (SSG & ELH) 
72.46 (EHO) 3.27 (RAB-4) 
-— 3.32 (EHO & HB) 
72.48 Av. e 
3.29 Av. 
Total Fe as 1.89 (EHO) 11.10 (EHO) 
Fe03 1.85 (SSG) 11.08 (SSG) |K,0 5.49 (EHO) 
1.84 (SSG) 11.07 (SSG) 5.54 (SSG) 
1.85 (SSG) 11.09 (SSG) 5.52 (SSG & ELH) 
1.86 (SSG) 11.10 (SSG) 5.54 (RAB-4) 
1.85 (RBE) 5.52 (EHO & HB) 
1.85 (RBE) 11.09 Av. 
AV: 
1.86 Av. 
CO; 0.08 (EHO) 0.07 (EHO) 
FeO 0.95 (EHO) 8.69 (EHO) .08 (SSG) .06 (SSG) 
-98 (SSG) 8.70 (SSG) .09 (DT) .07 (DT) 
-98 (SSG) 8.72 (SSG) —— 
.98 (EHO) 8.75 (SSG) .08 Av. .07 Av. 
(COD 8.70 (COD 
0.067 (EHO) 0.02 (EHO) 
97 Av. 8.71 Av. .07 (EHO) .02 (EHO) 
-068 (EHO) 
Fe,03 0.78 Av. 1.41 Av. 02 Av. 
.07 Av. 
MnO 0.024 (EHO) 0.156 (EHO) 
.025 (SSG) .163 (SSG) |P.05 0.08 (EHO) 0.14 (EHO) 
.026 (DT) .164 (DT) .09 (SSG) .13 (SSG) 
.07 (DT) At 
.025 Av. -161 Av. .08 (HB) .11 (HB) 
.08 Av. 12 Av. 


not in good agreement, and further work is 
indicated. 


Minor Constituents 


Ahrens (1955) has summarized much of the 
available data for the minor constituents of 
G-1 and W-1. A few determinations have been 
made in the Rock Analysis Laboratory. Ahrens’ 
recommended value of 22 ppm of Li for G-1 
agrees closely with 22.5 ppm found by Ellestad 
and Horstman (1955); however, his figure of 
9 ppm for W-1 is much less than the 14 ppm of 
Li reported by Ellestad and Horstman. 


and considerably less than the average of 49 
ppm for six determinations by neutron acti- 
vation reported by Smales (1955). Two de- 
terminations of Ni by Burwash gave 72 
and 74 ppm of Ni for W-1. Six determina- 
tions reported by Smales (1955) range from 
63 to 78 ppm of Ni and average 73 ppm. The 
90 ppm of Ni recommended for W-1 by Ahrens 
(1955) appears to be too high. 

Although a high precision in the determina- 
tion of Rb with the optical spectrograph is 
obviously possible (Ahrens, 1955), results 
obtained in the Rock Analysis Laboratory by 
flame photometry are much lower than those 


| 


a 


TABLE 3.—COMPARISON OF AVERAGES FOR 12 Major CONSTITUENTS RECALCULATED TO 100 PER CENT 


Granite G-1 Diabase W-1 
1 2 3 1 2 3 

SiO» 72.22 72.64 72.79 52.25 52.66 52.66 
14.44 14.13 14.26 15.23 14.87 15.01 
Fe.0; 94 86 .78 1.85 1.41 1.41 I 
FeO 1.00 1.06 .97 8.51 8.91 8.73 7 
MnO 03 03 | 03 .19 17 16 2 
MgO .39 44 | 37 6.52 6.51 6.60 r 
CaO 1.42 1.34 1.36 10.95 10.95 11.00 V 
K,0 5.51 5.43 5.54 71 68 62 2 
3.26 3.43 | 3.30 2.05 2.20 2.14 f 
37 31 25 45 45 
TiO» 26 : 26 1.09 1.03 1.08 ‘ 
P.0s 10 10 | 08 13 15 12 : 

99.94 100.02 99.99 100.10 99.99 99.98 

Total Fe as Fe.0;*....... 2.05 2.04 1.86 11.31 11.31 11.11 
g 
ceaaanccuccaues 16.85 16.52 16.46 27.76 27.36 27.32 te 
ee 89.07 89.16 89.25 80.01 80.02 79.98 a 
+ 1.1114 X FeO. 
t + (1.1114 X FeO) + TiO: + P:O; + AlOs. 
1. Average for 24 laboratories. (Fairbairn et al., 1951, Table 14, p. 37.) sa 
2. U. S. Geological Survey; average for 7 analysts for G-1, 6 analysts for W-1 (Fairbairn et al., 1951, pi 
Table 17, p. 38). A 
3. Rock Analysis Laboratory. th 
tk 
TABLE 4.—COMPARISON OF AVERAGE COMPOSITIONS FOR G-1 AND W-1 H 
WwW 
Granite G-1 Diabase W-1 if 
1 | 2 1 2 (I 
SiO» 72.36 — 72.86* 72.48 52.34 — 52.69* 52.55 Al 

Al.O; 14.44 — 13.94f 14.20 15.07 — 14.72t¢ 14.98 

Fe.0; .93 .78 1.50 1.41 
FeO .99 .97 8.71 8.71 Bi 

MnO 027 .025 165 16 

MgO 39 .37 6.63 6.59 

CaO 1.41 1.35 10.96 10.98 

K,0 5.42 5.52 63 62 

Na,O 3.25 3.29 2.00 2.14 

H,0 .365 56 45 

TiO, .25 .26 1.10 1.08 

P.Os .09 .08 126 12 

99.92 99.57 99.79 99.79 

Hees 2.03 1.86 11.18 11.09 

16.81 — 16.31 16.40 27.48 — 27.13 27.27 

89.17 88.88 79.82 79.82 


1. “Revised statistical data” (Fairbairn, 1953, Table 1, p. 146) 

2. Averages, Rock Analysis Laboratory from Table 1 

* Fairbairn’s preferred estimate 0.5% higher for G-1; 0.35% higher for W-1 
t Fairbairn’s preferred estimate 0.5% lower for G-1; 0.35% lower for W-1 
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recommended by Ahrens. The average of a 
number of determinations by E. L. Horstman 
is 205 ppm of Rb for G-1 and 22 ppm for W-1. 
Two determinations by H. Baadsgaard gave 
210 and 213 ppm of Rb for G-1. Ahrens (1955) 
recommends 570 and 64 ppm of Rb for G-1 and 
W-1. Herzog and Pinson (1955) report 218 and 
215 ppm of Rb for G-1 and 27.9 and 29.1 ppm 
for W-1 by a stable isotope dilution technique. 
Results reported by Smales (1955) by neutron 
activation are 221, 254, and 243 ppm of Rb 
for G-1 and 27, 29, and 26 ppm for W-1. 
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